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L I S T  O F  F R E Q U E N T L Y  U S E D  A C R O N Y M S
R E F E R E N C E S
C H A P T E R  1
INTRODUCTION AND LITERATURE REVIEW
1 . 1  T h e s i s  o u t l i n e
I n  t h i s  i n t r o d u c t o r y  c h a p t e r  t h e  u s e  a n d  t h e  s i g n i f i c a n c e  o f  G a A s / A l G a A s  s t r u c t u r e s  
i n  r e c e n t  d e v i c e s  a n d  t h e i r  p o t e n t i a l  a p p l i c a t i o n  i n  f u t u r e  o p t o e l e c t r o n i c  d e v i c e s  i s  
d e s c r i b e d .  T h e s e  s t r u c t u r e s  a r e  u s u a l l y  f a b r i c a t e d  u s i n g  o n e  o f  s e v e r a l  d i f f e r e n t  e p i t a x i a l  
g r o w t h  m e t h o d s .  A l s o  i n  t h i s  c h a p t e r  t h e  n e e d  f o r  i o n  b e a m  s y n t h e s i s  p l u s  a  r e v i e w  o f  
e a r l i e r  l i t e r a t u r e  i s  g i v e n .  C h a p t e r  2  c o n c e n t r a t e s  o n  t h e  e x p e r i m e n t a l  t e c h n i q u e s  a n d  
s t a r t s  w i t h  t h e  p h y s i c s  o f  t h e  i o n  i m p l a n t a t i o n  p r o c e s s  a n d  t h e n  t h e  o p t i m i s a t i o n  o f  d o s e s ,  
t e m p e r a t u r e  a n d  e n e r g y  i s  d e s c r i b e d .  W e  t h e n  e x p l a i n  h o w  t h e  i m p l a n t a t i o n  d a m a g e  c a n  
b e  r e d u c e d  b y  c a p p i n g  a n d  a n n e a l i n g  f o r  a  s u i t a b l e  t i m e  a n d  t e m p e r a t u r e .  A  d e t a i l e d  
d e s c r i p t i o n  o f  t h e  s i x  d i f f e r e n t  c h a r a c t e r i z a t i o n  t e c h n i q u e s  u s e d  i s  g i v e n  i n  c h a p t e r  2 .  
C h a p t e r  3  c o n c e n t r a t e s  o n  t h e  s y n t h e s i s  o f  a n  A l G a A s  l a y e r  b y  t h e  m e t h o d  o f  d u a l  
i m p l a n t s  o f  A s  a n d  A l .  I t  d e s c r i b e s  t h e  r e s u l t s  o f  t h e  P h o t o l u m i n e s c e n e e  ( P L ) ,  
R u t h e r f o r d  B a c k s c a t t e r i n g  ( R B S )  a n d  S e c o n d a r y  I o n  M a s s  S p e c t r o s c o p y  ( S I M S )  
e x p e r i m e n t s ,  w h i c h  s h o w  t h e  s u c c e s s f u l  s y n t h e s i s  o f  a  b u r i e d  l a y e r  o f  A l G a A s .  T h e  
q u a l i t y  o f  t h i s  m a t e r i a l  m a d e  u s i n g  o u r  d u a l  i m p l a n t  m e t h o d  i s  d i s c u s s e d  a n d  a  d e t a i l e d  
a n a l y s i s  o f  i m p l a n t a t i o n  d a m a g e  u s i n g  R B S ,  T E M  a n d  S E M  i s  p r e s e n t e d .  W o r k  o n  t h e  
s y n t h e s i s e d  l a y e r  c o m p o s i t i o n  w a s  c a r r i e d  o u t  q u a n t i t a t i v e l y  a n d  q u a l i t a t i v e l y  u s i n g  
S I M S  a n d  t h e  c a l c u l a t e d  A l  m o l e  f r a c t i o n  v a l u e ,  x ,  w a s  o b t a i n e d  u s i n g  R B S ,  X - R a y  
M i c r o p r o b e  a n d  S I M S .  I n  c h a p t e r  4  t h e  r e s u l t s  f o r  t h e  m a t e r i a l  s y n t h e s i s e d  b y  t h e  i o n
1
b e a m  m i x i n g  m e t h o d  a r e  d e s c r i b e d .  I n  c h a p t e r  5  w e  d i s c u s s  t h e  t h e o r e t i c a l  a n d  t h e  
p r a c t i c a l  r e s u l t s  o f  t h e  d u a l  i m p l a n t  a n d  t h e  i o n  b e a m  m i x i n g  m e t h o d .  A  s u m m a r y  o f  t h e  
r e s u l t s  a n d  c o n c l u s i o n s  a r e  p r e s e n t e d  a n d  s u g g e s t i o n s  f o r  f u t u r e  w o r k  a r e  g i v e n  i n  c h a p t e r  
6.
1 . 2  T h e  a d v a n t a g e  o f  G a A s  a n d  A l G a A s
G a l l i u m  a r s e n i d e  i s  o n e  o f  a  n u m b e r  o f  b i n a r y  c o m p o u n d s  t h a t  c a n  b e  f o r m e d  f r o m  
e l e m e n t s  f r o m  g r o u p s  I H  a n d  V  o f  t h e  p e r i o d i c  t a b l e  a n d  i s  t h e  s e c o n d  m o s t  i m p o r t a n t  
s e m i c o n d u c t o r  a f t e r  s i l i c o n .  I t s  d i r e c t  b a n d  g a p  m a k e s  i t  u s e f u l  f o r  o p t o e l e c t r o n i c  d e v i c e s  
p a r t i c u l a r y  s o u r c e s  s u c h  a s  L E D ’ S  a n d  l a s e r s .  T h e  h i g h  e l e c t i o n  m o b i l i t y  i n  G a A s  
m a k e s  i t  s u i t a b l e  f o r  d e v i c e s  l i k e  t h e  M E S F E T  i n  h i g h - s p e e d  c i r c u i t s  f o r  s p e c i a l i s t  
a p p l i c a t i o n s .
G a l l i u m  a r s e n i d e  a n d  i t s  a l l o y s  h a v e  b e e n  s t u d i e d  f o r  t h e  l a s t  t h r e e  d e c a d e s ,  a n d  
t h e s e  m a t e r i a l s  a r e  o f  c o m m e r c i a l  s i g n i f i c a n c e  f o r  o p t o e l e c t r o n i c  a n d  m i c r o w a v e  d e v i c e s .  
H o w e v e r  t h e  s e m i c o n d u c t o r  w o r l d  i s  s t i l l  d o m i n a t e d  b y  s i l i c o n  d e v i c e s ,  b e c a u s e  s i l i c o n  
d e v i c e s  a n d  i n t e g r a t e d  c i r c u i t s  a r e  t h e  r e s u l t  o f  a n  o p t i m a l  c o m b i n a t i o n  o f  m a t e r i a l  
p r o p e r t i e s  a n d  r e l i a b l e  l o w - c o s t  p r o c e s s i n g  m e t h o d s .  A l s o  s i l i c o n  c a n  b e  e a s i l y  
c o n v e r t e d  i n t o  b u l k  s i n g l e  c r y s t a l  o f  a l m o s t  a n y  d e s i r e d  s i z e  a n d  s h a p e  a n d  t h e n  s l i c e d  
i n t o  w a f e r s  o f  d i m e n s i o n s  t h a t  f a c i l i t a t e  e c o n o m i c  d e v i c e  p r o c e s s i n g .  S i l i c o n  a l s o  
p o s s e s s e s  a  h i g h l y  s t a b l e  n a t i v e  o x i d e  t h a t  c a n  b e  t h e r m a l l y  g r o w n  a n d  i s  i d e a l  f o r  
* m a s k i n g ,  p a s s i v a t i o n  a n d  a s  a  b a r r i e r  i n  d e v i c e  s t r u c t u r e s .  N e v e r t h e l e s s ,  I I I - V  m a t e r i a l s
a r e  o f  i n c r e a s i n g  i m p o r t a n c e .  F i r s t l y ,  s o m e  o f  t h e  I I I - V  m a t e r i a l s  h a v e  e l e c t r i c a l  
p r o p e r t i e s  t h a t  s h o u l d  l e a d  t o  t r a n s i s t o r  d e v i c e s  w i t h  s i g n i f i c a n t l y  h i g h e r  p e r f o r m a n c e
2
t h a n  t h o s e  m a d e  w i t h  s i l i c o n .  S e c o n d l y ,  m o s t  I I I - V  m a t e r i a l s  h a v e  o p t o e l e c t r o n i c  
p r o p e r t i e s ,  t h a t  s i l i c o n  d o e s  n o t  h a v e ,  a n d  h e n c e  c a n  b e  m a d e  i n t o  s p e c i a l i s t  d e v i c e s ,  f o r  
e x a m p l e ,  e l e c t r o l u m i n e s c e n c e  d e v i c e s  a n d  i n j e c t i o n  l a s e r s .  T h i r d l y ,  t h e  I I I - V  c o m p o u n d s  
c a n  b e  e a s i l y  a l l o y e d ,  t h i s  a l l o w s  t h e  f o r m a t i o n  o f  m a t e r i a l  w i t h  c o n t i n u o u s l y  v a r i a b l e  
p r o p e r t i e s ,  s u c h  a s  b a n d g a p  e n e r g y ,  c h a r g e  c a r r i e r  m o b i l i t y ,  a n d  l a t t i c e  c o n s t a n t  a n d  t h i s  
a d d s  s e v e r a l  n e w  d i m e n s i o n s  i n  t h e  d e s i g n  a n d  f a b r i c a t i o n  o f  n e w  d e v i c e  s t r u c t u r e s .  F o r  
e x a m p l e ,  l a t t i c e - m a t c h e d  h e t e r o j u n c t i o n s  f o r m e d  b e t w e e n  I I I - V  c o m p o u n d s  o r  a l l o y s  
w i t h  d i f f e r e n t  b a n d g a p s ,  f i g u r e  1 . 1 ,  c a n  c o n f e r  o p t i c a l ,  e l e c t r i c a l  a n d  c h e m i c a l  a d v a n t a g e s  
o v e r  s i l i c o n  d e v i c e s  a n d  c i r c u i t s .  W h e n  t h e s e  a d v a n t a g e s  a r e  c o n s i d e r e d  f o r  tr a n s i s t o r  
d e v i c e s  a n d  c i r c u i t s  i t  i s  q u i t e  l i k e l y  t h a t  t h i s  w i l l  l e a d  t o  t h e  i n c r e a s e d  u s e  o f  I I I - V  
m a t e r i a l ,  p a r t i c u l a r l y  a s  i m p r o v e d  p r o c e s s i n g  m e t h o d s  l e a d  t o  b e t t e r  r e l i a b i l i t y ,  l o w e r  c o s t  
a n d  h i g h e r  y i e l d s .  T h i s  p r o g r e s s  h a s  b e e n  p a r t l y  r e s p o n s i b l e  f o r  t h e  c o n t i n u e d  r e s e a r c h  
w o r k  o n  I I I - V  m a t e r i a l s .  F o r  e v e n  h i g h e r  s p e e d  e l e c t r o n i c  d e v i c e s  a n d  a  v a r i e t y  o f  
o p t o e l e c t r o n i c  a p p l i c a t i o n s  m u c h  a t t e n t i o n  i s  b e i n g  f o c u s e d  o n  h e t e r o s t r u c t u r e s  i n v o l v i n g  
l a y e r s  o f  b o t h  G a A s  a n d  i t s  t e r n a r y  a l l o y s  s u c h  a s  G a , . xA l A s  o r  I n xG a l x A s  [ 1 . 1 ,  1 . 2 ] .  
T h e s e  h e t e r o j u n c t i o n  s t r u c t u r e s  c a n  g i v e  h i g h  m o b i l i t i e s  a n d  s u p e r i o r  o p t i c a l  p r o p e r t i e s .
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F i g .  1 . 1  D i a g r a m  r e p r e s e n t i n g  t h e  e n e r g y  g a p s  ( a n d  w a v e l e n g t h )  a s  
a  f u n c t i o n  o f  l a t t i c e  c o n s t a n t  f o r  I I I - V  c o m p o u n d  s e m i c o n ­
d u c t o r s ,  f r o m  [ 1 . 1 0 ] .
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1.3 The purpose o f the work
I o n  b e a m  s y n t h e s i s ,  w h e r e  o n e  a i m s  t o  m o d i f y  t h e  c o m p o s i t i o n  o f  a  r e a s o n a b l e  
t h i c k n e s s  o f  s e m i c o n d u c t o r  m a t e r i a l ,  i s  n o w  a  w e l l  e s t a b l i s h e d  m e t h o d .  F o r  e x a m p l e  
S I M O X  i s  a  n e w  m a t e r i a l  f o r m e d  b y  i o n  i m p l a n t a t i o n  t h a t  h a s  b e e n  d e m o n s t r a t e d  a s  
s u i t a b l e  f o r  h i g h  p e r f o r m a n c e  V L S I  c i r c u i t  f a b r i c a t i o n  [ 1 . 3 ,  1 . 4 ]  a n d  i s  l i k e l y  t o  b e  u s e d  
o n  a  l a r g e  s c a l e  b y  t h e  s i l i c o n  i n d u s t r y .  I n  t h i s  t e c h n o l o g y  s i l i c o n  o n  i n s u l a t o r  s t r u c t u r e s  
l i k e  s i l i c o n  o x i d e  a n d  s i l i c o n  n i t r i d e  l a y e r s  c a n  b e  b u r i e d  s o m e  3 0 0  n m  b e l o w  t h e  s u r f a c e  
o f  a  s i l i c o n  w a f e r  b y  i m p l a n t i n g  O  o r  N + a t  h i g h  d o s e  a n d  a  h i g h  e n e r g y  [ 1 . 5 ] .  S i l i c o n  
c a r b i d e  ( | 3 S i C )  i s  a  w i d e  b a n d g a p  h i g h  t e m p e r a t u r e  s e m i c o n d u c t o r  w h i c h  i s  v e r y  d i f f i c u l t  
t o  p r e p a r e  b y  c o n v e n t i o n a l  g r o w t h  t e c h n i q u i e s ,  t h u s  t h e  r e c e n t  r e p o r t s  [ 1 . 6 ,  1 . 7 ]  t h a t  i t  
c a n  b e  p r e p a r e d  b y  i o n  i m p l a n t a t i o n  i n t o  s i l i c o n  a r e  v e r y  i n t e r e s t i n g .  S y n t h e s i s e d  b u r i e d  
l a y e r s  o f  c o b a l t  d i s i l i c i d e ,  C o S i 2,  h a v e  a l s o  b e e n  s u c c e s s f u l l y  f a b r i c a t e d  i n  ( l O O )  s i n g l e  
c r y s t a l  s i l i c o n  b y  i m p l a n t i n g  3 5 0  k e V  C o + t o  d o s e s  i n  t h e  r a n g e  2 - 7 x l 0 17 c m 2 [ 1 . 8 ] .  T h e  
p o s s i b i l i t y  o f  i o n  b e a m  s y n t h e s i s  p l u s  t h e  n e e d  t o  f a b r i c a t e  n e w  G a A s / A l G a A s  s t r u c t u r e s  
e n c o u r a g e d  u s  t o  a p p l y  t h i s  m e t h o d  t o  G a A s  t o  f a b r i c a t e  t h e  m o s t  i m p o r t a n t  t e r n a r y  a l l o y ,  
G a A l A s .  T h e r e  i s  a  l a r g e  i n t e r e s t  i n  t h e  G a A s / A l G a A s  s y s t e m  f o r  o p t i c a l  a n d  
o p t o e l e c t r o n i c  d e v i c e s  a n d  m a n y  n o v e l  d e v i c e s  a r e  b e i n g  s u g g e s t e d  t o  e x p l o i t  t h e  
p o s s i b i l i t i e s  f o r  " b a n d  g a p  e n g i n e e r i n g "  p r e s e n t e d  b y  t h i s  m a t e r i a l .
T h e  m a i n  a d v a n t a g e  o f  u s i n g  i o n  i m p l a n t a t i o n  f o r  m a t e r i a l  s y n t h e s i s  i s  i t s  
i m p o r t a n c e  a s  a  p r o d u c t i o n  l i n e  t e c h n i q u e  f o r  d e v i c e  f a b r i c a t i o n .  T h e  a l u m i n i u m  m o l e  
f r a c t i o n  r a t i o  p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  l a y e r  o p t i c a l  c h a r a c t e r i s t i c s ,  s e e  
F i g u r e  1 . 2 .
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F i g .  1 . 2  ( a )  T h e  e n e r g y  g a p  o f  A l G a A s  a s  a  f u n c t i o n  o f  A l  c o m p o s i ­
t i o n ,  ( b )  C o m p o s i t i o n  d e p e n d e n c e  o f  t h e  r e f r a c t i v e  i n d e x ,  
f r o m  [ 1 3 2 ] .
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T h e  a i m  o f  t h e  w o r k  i s  t h e  f a b r i c a t i o n  o f  a  s i n g l e  c r y s t a l  A l G a A s  l a y e r  i n  t h e  G a A s  
m a t e r i a l .  T h i s  w e  h a v e  a t t e m p t e d  b y  t w o  d i f f e r e n t  m e t h o d s  n a m e l y ,  ( a )  d u a l  i m p l a n t i o n  
a n d  ( b )  i o n  b e a m  m i x i n g .  F o r  m e t h o d  ( a )  d u a l  i m p l a n t s  o f  A s + a n d  A l + a r e  m a d e  i n t o  
G a A s  f o l l o w e d  b y  r a p i d  t h e r m a l  a n n e a l i n g  ( R T A )  t o  s y n t h e s i s e  a  b u r i e d  l a y e r  o f  A l G a A s  
w i t h  a  t h i c k n e s s  o f  ~  0 . 2 - 0 . 3 | i m  u n d e r n e a t h  t h e  G a A s  s u r f a c e .  C o n t r o l  o v e r  t h e  
a l u m i n i u m  c o m p o s i t i o n  v a l u e ,  x ,  c a n  b e  o b t a i n e d  b y  a d j u s t i n g  t h e  i m p l a n t e d  d o s e s .  I n  
m e t h o d  ( b )  t h e  a i m  i s  t o  s y n t h e s i s e  a n  A l G a A s  s u r f a c e  l a y e r  b y  i o n  b e a m  m i x i n g  a  
d e p o s i t e d  t h i n  A l  f i l m  o n  t o p  o f  t h e  G a A s  s u b s t r a t e ,  f o l l o w e d  b y  i r r a d i a t i o n  w i t h  a r s e n i c  
i o n s .  T h i s  f o r m s  a  A l G a A s  l a y e r  a t  t h e  i n t e r f a c e  b e t w e e n  t h e  A l  f i l m  a n d  t h e  G a A s  
s u b s t r a t e .  I n  b o t h  m e t h o d s  d e t a i l e d  s t u d i e s  o f  t h e  d a m a g e  a s s o c i a t e d  w i t h  t h e  h i g h  d o s e  
i m p l a n t a t i o n  n e e d s  t o  b e  i n v e s t i g a t e d .  T h e  a m o u n t  a n d  t y p e  o f  d a m a g e  p r o d u c e d  
d e p e n d s  o n  t h e  m a s s  o f  t h e  i m p l a n t e d  s p e c i e s  t h e  e n e r g y  a n d  d o s e  v a l u e .  T o  o b t a i n  
c o m p o s i t i o n  c h a n g e s  f r o m  G a A s  t o  A l G a A s  a n d  t o  a n n e a l  t h e  d a m a g e  a f t e r  i m p l a n t a t i o n ,  
t h e  s a m p l e s  w e r e  h e a t  t r e a t e d  f o r  d i f f e r e n t  c o m b i n a t i o n s  o f  t e m p e r a t u r e  a n d  t i m e .  T h e  
p r o g r a m m e  o f  t h e  w o r k  c a n  b e  d i v i d e d  i n t o  d i f f e r e n t  s e c t i o n s .
- I n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t i e s  o f  i o n  b e a m  s y n t h e s i s  o f  A l G a A s  l a y e r s .
- T h e  c h o i c e  o f  t h e  m e t h o d  o f  i o n  b e a m  s y n t h e s i s ,  ( a )  d u a l  i m p l a n t  o r  ( b )  i o n  b e a m  
m i x i n g .
- A n a l y s i s  o f  t h e  i m p l a n t a t i o n  d a m a g e  a s s o c i a t e d  w i t h  i o n  b e a m  s y n t h e s i s .
- T h e  c h o i c e  o f  t h e  e n c a p s u l a n t  a n d  a n n e a l i n g  c y c l e .
- A n a l y s i s  o f  a l u m i n i u m  c o m p o s i t i o n .
- T h e  s u i t a b i l i t y  o f  d i f f e r e n t  a n a l y t i c a l  a n d  s t r u c t u r a l  m e t h o d s  i n  a s s e s s i n g  t h e  q u a l i t y  o f  
r e c r y s t a l l i z a t i o n  t h a t  i s  t a k i n g  p l a c e  d u r i n g  a n n e a l i n g .
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1 . 4  E p i t a x i a l  g r o w t h  t e c h n i q u e s
M o s t  o f  t h e  b i n a r y  I I I - V  c o m p o u n d s  a r e  m a n u f a c t u r e d  a s  l a r g e  s i n g l e - c r y s t a l  i n g o t s  
t h a t  a r e  s l i c e d  i n t o  w a f e r s  t o  b e  u s e d  f o r  d e v i c e  f a b r i c a t i o n .  F r e q u e n t l y ,  i n  o r d e r  t o  
c a p i t a l i z e  o n  t h e  v e r s a t i l i t y  o f  t h e  I I I - V  s e m i c o n d u c t o r s  f o r  s o l i d - s t a t e  d e v i c e s ,  t h e s e  
s i n g l e - c r y s t a l  w a f e r s  a r e  u s e d  a s  s u b s t r a t e s  f o r  t h e  s u b s e q u e n t  g r o w t h  o f  v e r y  t h i n  l a y e r s  
o f  t h e  s a m e  o r  o t h e r  I I I - V  c o m p o u n d s  h a v i n g  t h e  d e s i r e d  e l e c t r o n i c  o r  o p t i c a l  p r o p e r t i e s .  
T h i s  m u s t  b e  d o n e  i n  s u c h  a  w a y  a s  t o  c o n t i n u e ,  i n  t h e  g r o w n  l a y e r ,  t h e  c r y s t a l  s t r u c t u r e  
o f  t h e  s u b s t r a t e .  S u c h  c r y s t a l  g r o w t h ,  i n  w h i c h  t h e  s u b s t r a t e  d e t e r m i n e s  t h e  c r y s t a l l i n i t y  
a n d  o r i e n t a t i o n  o f  t h e  g r o w n  l a y e r ,  i s  c a l l e d  e p i t a x y  a n d  a  v a r i e t y  o f  e p i t a x i a l  g r o w t h  
t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d .  T h e  m o s t  c o m m o n  o f  t h e s e  a r e  L i q u i d  P h a s e  E p i t a x y  
( L P E ) ,  M o l e c u l a r  B e a m  E p i t a x y  ( M B E )  a n d  M e t a l  O r g a n i c  C h e m i c a l  V a p o u r  D e p o s i t i o n  
( M O C V D ) .  T h e  L P E  m e t h o d  h a s  b e e n  t h e  m o s t  w i d e l y  u s e d  o n e  f o r  t h i n - f i l m  I I I - V  
m a t e r i a l s  a n d  d e v i c e  r e s e a r c h .  I n  t h e  L P E  m e t h o d  a  s o l i d  s o l u t e  p h a s e  i s  e p i t a x i a l l y  
g r o w n  b y  s u p e r c o o l i n g  a  m e l t  o r  s o l v e n t  c o n t a i n i n g  t h e  s o l u t e  [ 1 . 9 ] .  F o r  I I I - V  m a t e r i a l s ,  
t h i s  g e n e r a l l y  m e a n s  t h a t  t h e  m e l t  c o m p o s i t i o n  i s  r i c h  w i t h  r e s p e c t  t o  o n e  o f  t h e  g r o u p  
I I I - V  e l e m e n t s  i n  t h e  s o l i d  p h a s e .  F o r  e x a m p l e ,  L P E  g r o w t h  o f  G a l x A l xA s  i s  g e n e r a l l y  
p e r f o r m e d  b y  u s i n g  a  m e l t  o f  A l ,  A s  a n d  s o m e  d o p a n t .  L P E  h a s  m a n y  d i s a d v a n t a g e s  
l i k e  i m p r e c i s e  t h i c k n e s s  a n d  m o r p h o l o g y  c o n t r o l  d u e  t o  v a r i a b l e  g r o w t h  m e c h a n i s m s ,  
u n f a v o u r a b l e  p h a s e  d i a g r a m s  f o r  g r o w t h  o f  s o m e  I I I - V  a l l o y s  a n d  c r o s s - d o p i n g  e f f e c t s  o f  
v o l a t i l e  d o p a n t s  i n  a  m u l t i - m e l t  s y s t e m .  T h e r e  h a s  b e e n  v i g o r o u s  e f f o r t  o v e r  t h e  p a s t  
d e c a d e  t o  d e m o n s t r a t e  t h a t  M B E  o f  s e m i c o n d u c t o r  m a t e r i a l s  i s  u s e f u l  f o r  s e m i c o n d u c t o r  
d e v i c e s  [ 1 . 1 0 ] .  R e d u c e d  t o  i t s  e s s e n t i a l s ,  a  s y s t e m  f o r  M B E  o f  G a A s  c o n s i s t s  o f  a n  
u l t r a - h i g h  v a c u u m  s y s t e m  c o n t a i n i n g  s o u r c e s  f o r  a t o m i c  o r  m o l e c u l a r  b e a m s  o f  G a  a n d  
A s  a n d  a  h e a t e d  s u b s t r a t e  w a f e r .  T h e  b e a m  s o u r c e s  a r e  u s u a l l y  c o n t a i n e r s  f o r  t h e  l i q u i d
G a  o r  s o l i d  A s .  T h e y  h a v e  a n  o r i f i c e  t h a t  f a c e s  t h e  s u b s t r a t e  w a f e r .  W h e n  t h e  c o n t a i n e r ,  
o r  e f f u s i o n  o v e n ,  a s  i t  i s  u s u a l l y  c a l l e d ,  i s  h e a t e d ,  a t o m s  o f  g a l l i u m  o r  m o l e c u l e s  o f  
a r s e n i c  e f f u s e  f r o m  t h e  o r i f i c e  t o  t h e  t a r g e t  w a f e r .  B e c a u s e  M B E  i s  a  s l o w  g r o w t h  
p r o c e s s ,  l a y e r  t h i c k n e s s  t y p i c a l l y  i n c r e a s e s  b y  1 J i m  p e r  h o u r ,  i t  i s  p o s s i b l e  b y  v a r i n g  t h e  
c e l l  t e m p e r a t u r e  o r  b y  t h e  u s e  o f  s h u t t e r s  t o  v a r y  i n  a  p r e c i s e  w a y  t h e  i m p u r i t y  
c o n c e n t r a t i o n  o r  c o m p o s i t i o n  a s  a  f u n c t i o n  o f  d e p t h  [ 1 . 1 1 ] .  A c h i e v e m e n t  o f  h i g h  
c r y s t a l l i n e  a n d  s e m i c o n d u c t o r  q u a l i t y  o f  t h e  e p i t a x i a l  l a y e r s  a l s o  r e q u i r e s  t h a t  c l e a n  
u l t r a - h i g h  v a c u u m  c o n d i t i o n s  b e  m a i n t a i n e d  a n d  t h a t  t h e  s u b s t r a t e  t e m p e r a t u r e  b e  
s u f f i c i e n t l y  h i g h  t h a t  a t o m s  a d s o r b i n g  o n  t h e  s u r f a c e  a r e  m o b i l e  e n o u g h  t o  m i g r a t e  t o  t h e  
p r o p e r  c r y s t a l  s i t e s .  F o r  G a A s ,  g r o w t h  u s u a l l y  t a k e s  p l a c e  w i t h  a  s u b s t r a t e  t e m p e r a t u r e  
a b o v e  4 5 0 ° C ,  a n d  f o r  A l t j[G a xA s  t h e  t e m p e r a t u r e  i s  u s u a l l y  a b o v e  5 5 0 ° C  o r  o v e r  6 0 0 ° C .  
I n  r e c e n t  y e a r s  M O C V D  h a s  a l s o  e m e r g e d  a s  a  p o w e r f u l  m e t h o d  f o r  t h e  p r e p a r a t i o n  o f  
I I I - V  s e m i c o n d u c t o r  s t r u c t u r e s  f o r  o p t o e l e c t r o n i c  a n d  h i g h  s p e e d  d e v i c e s  [ 1 . 1 2 ] .  A s  a  
r e s u l t  o f  c o n t i n u e d  r e s e a r c h  o v e r  a  c o n s i d e r a b l e  p e r i o d  M O C V D  i s  n o w  i m p a c t i n g  
s t r o n g l y  o n  G a A s / A l G a A s  d e v i c e  a c t i v i t i e s .  T h e  g r o w t h  t e c h n i q u e s  d e s c r i b e d  p r e v i o u s l y  
c a n  b e  e x t r e m e l y  g o o d  a t  g r o w i n g  p r e c i s e l y  d e f i n e d  m u l t i s t r u c t u r e s .  H o w e v e r  t h i s  c a n  
o n l y  b e  a c h i e v e d  i n  t h e  g r o w t h  d i r e c t i o n ,  i . e .  n o r m a l  t o  t h e  s u r f a c e .  F o r  d e v i c e  
f a b r i c a t i o n  u s i n g  a  p l a n a r  t e c h n o l o g y  i t  i s  c r i t i c a l  t h a t  d e v i c e s  c a n  a l s o  b e  l a t e r a l l y  
d e f i n e d .  T h i s  i s  w h e r e  i o n  b e a m  s y n t h e s i s  i s  e x p e c t e d  t o  h a v e  a  s i g n i f i c a n t  i m p a c t .
1 . 5  C h o i c e  o f  i o n  b e a m  s y n t h e s i s  m e t h o d
T h e  i n c r e a s i n g  p a c k i n g  d e n s i t y  o f  m a n y  s e m i c o n d u c t o r  d e v i c e s  i n  I C ’ s  r e q u i r e s  
p h y s i c a l  s t r u c t u r e s  o f  s u b m i c r o n  d i m e n s i o n s .  I o n  i m p l a n t a t i o n  o f  s e l e c t i v e  a r e a s  i s  a
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m a j o r  s t e p  i n  t h e  f a b r i c a t i o n  o f  m a n y  o f  t h e s e  s m a l l  d e v i c e s .  L a y e r e d  s t r u c t u r e s  o f  
G a A s / A l G a A s  a r e  o f  g r e a t  i n t e r e s t  f o r  a p p l i c a t i o n s  i n  m a n y  s o l i d  s t a t e  d e v i c e s  [ 1 . 1 3 ] .  
I n c r e a s i n g  a t t e n t i o n  i s  n o w  b e i n g  g i v e n  t o  t h e  p o t e n t i a l  u s e  o f  i o n - b e a m  t e c h n o l o g y  a s  a  
m e a n s  o f  l a t e r a l l y  p r o d u c i n g  r e g i o n s  o f  c o m p o u n d s  w i t h  s p e c i f i c  p r o p e r t i e s  i n  t h e  
s e m i c o n d u c t o r .  I n  p a r t i c u l a r ,  i t  i s  k n o w n  t h a t  t h e  i m p l a n t a t i o n  o f  A L  i o n s  i n  G a A s  
c r y s t a l s  m a y  u n d e r  c e r t a i n  c o n d i t i o n s  p r o d u c e  t h e  t e r n a r y  c o m p o u n d  [ 1 . 1 4 , 1 . 1 5 , 1 . 1 6 ]  o f  
( G a , A l ) A s .  O n e  o f  t h e  t h e  p r i m a r y  r e a s o n s  f o r  t a i l o r i n g  t h e  b a n d g a p  o f  a  s e m i c o n d u c t o r  
i s  t o  a l t e r  t h e  p e a k  ( b a n d - e d g e )  w a v e l e n g t h  o f  i t s  l u m i n e s c e n c e  s p e c t r u m .  I n  o r d e r  t o  
p r o d u c e ,  f o r  e x a m p l e ,  a  l i g h t - e m i t t i n g  d i o d e  w i t h  a  s i n g l e  d o m i n a n t  e m i s s i o n  p e a k  a t  a  
g i v e n  w a v e l e n g t h ,  i t  w o u l d  b e  n e c e s s a r y  t o  i n t r o d u c e  a  u n i f o r m  w e l l - c o n t r o l l e d  
c o n c e n t r a t i o n  o f  t h e  i m p l a n t e d  a t o m s  t h r o u g h o u t  t h e  l i g h t - e m i t t i n g  r e g i o n  [ 1 . 1 7 ] .  A l + 
a n d  A s + i m p l a n t a t i o n  c a n  b e  u s e d  t o  c o n v e r t  G a A s  t o  A l G a A s  p r o d u c i n g  b a n d - g a p  
m o d i f i c a t i o n .
M a t e r i a l  s y n t h e s i s  o f  I I I - V  ’ s  u s i n g  i o n  b e a m s  i s  s t i l l  i n  a n  e a r l y  s t a g e  o f  
d e v e l o p m e n t .  H o w e v e r ,  t h e r e  a r e  m a n y  p o t e n t i a l  a d v a n t a g e s  f o r  s e l e c t e d - a r e a  s y n t h e ­
s i s .  I o n - b e a m  s y n t h e s i s  i s  v e r y  u s e f u l  i n  o v e r c o m i n g  t h e  e f f e c t s  o f  i n t e r f a c e  c o n t a m i n a ­
t i o n  [ 1 . 1 8 ]  w h i c h  a r e  u n a v o i d a b l e  i n  s o m e  g r o w t h  t e c h n i q u e s .  W h i l e  t h e  s y n t h e s i s  o f  
m - V  ’ s  i s  i n  a n  e a r l y  s t a g e ,  i t  i s  w o r t h  m e n t i o n i n g  t h a t  i n  o t h e r  s y s t e m s ,  c o m p o u n d  
s y n t h e s i s  i s  w i d e l y  u s e d .  F o r  e x a m p l e  t h e  p r o d u c t i o n  o f  s i l i c o n  o n  i n s u l a t o r  m a t e r i a l  
u s i n g  o x y g e n  i m p l a n t a t i o n ,  ( S I M O X )  a l r e a d y  d e s c r i b e d ,  c o u l d  n o w  b e  a l m o s t  r e g a r d e d  a s  
a  m a t u r e  t e c h n o l o g y .
A n  o b v i o u s  e x a m p l e  o f  t h e  a p p l i c a t i o n  o f  s y n t h e s i s e d  A l G a A s  i s  t h e  p r o d u c t i o n  o f  
w a v e g u i d e s  w h e r e  t h e  i m p o r t a n t  f e a t u r e  i s  t h e  c h a n g e  i n  t h e  r e f r a c t i v e  i n d e x  w h i c h  i s
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n e c e s s a r y  t o  p r o d u c e  a n  o p t i c a l  g u i d e .  I o n  i m p l a n t i n g  A l + a t  1 3 5  k e V  a n d  A s *  a t  4 0 0  k e V  
c a n  b e  u s e d  t o  p r o d u c e  a  b u r i e d  l a y e r  o f  ( G a , A l ) A s  t o  f o r m  t h e  s i d e w a l l s  o f  t h e  g u i d e .  A  
p o s s i b l e  m e t h o d  o f  f a b r i c a t i n g  s u c h  a  w a v e g u i d e  s t r u c t u r e  i s  s h o w n  i n  f i g u r e  1 . 3 .
G u i d e
region
F i g .  1 . 3
( G a A O A s  ( G a A I ) A s
G a A s  
( G a A l ) A s
G a A s
s y n t h e s i s e d  ( G a , A I ) A s  
e p it a x ia ly  g r o w n  ( G a . A l ) A S
S c h e m a t i c  o f  a  w a v e g u i d e  r e g i o n  f a b r i c a t e d  b y  i o n  b e a m  
s y n t h e s i s  o f  t w o  A l G a A s  w a l l s .
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T h e  G a A s  a c t i v e  l a y e r  i s  s a n d w i c h e d  b e t w e e n  t w o  ( G a , A l ) A s  l a y e r s  a n d  t h e  
s y n t h e s i s e d  ( G a , A l ) A s  a c t  a s  w a l l s  o n  t h e  s i d e  o f  t h e  G a A s  g i v i n g  a  r e g i o n  o f  o p t i c a l  
g u i d i n g .  T h e  n e e d  t o  f a b r i c a t e  t h e s e  g u i d e s  a t  d i f f e r e n t  p l a c e s  o n  t h e  s u b s t r a t e  a f t e r  t h e  
e p i t a x i a l  l a y e r  g r o w t h  e n c o u r a g e s  t h e  u s e  o f  t h i s  m e t h o d  a s  a  f i n a l  s t a g e  o f  f a b r i c a t i o n .  
T h e  i m p l a n t a t i o n  p r o c e s s  a l l o w s  g r e a t e r  c o n t r o l  o f  t h e  l a y e r  c o m p o s i t i o n  o v e r  d i f f u s e d  
w a v e g u i d e s ,  s i n c e  i o n  e n e r g y  a n d  d o s e  c a n  b e  v a r i e d  t o  p r o d u c e  e i t h e r  a  f l a t  o r  a n o t h e r  
d e s i r e d  d i s t r i b u t i o n .
1 . 5 . 1  T h e  D u a l  I m p l a n t  m e t h o d
I n  t h e  d u a l  i m p l a n t  m e t h o d ,  a r s e n i c  w a s  i m p l a n t e d  f i r s t  t h e n  f o l l o w e d  b y  
a l u m i n i u m .  E q u a l  d o s e s  o f  a r s e n i c  a n d  a l u m i n i u m  w e r e  u s e d  t o  a c h i e v e  a  s t o i c h i o m e t r i c  
b a l a n c e  b e t w e e n  g r o u p  I I I  a n d  g r o u p  V  i n  t h e  b u r i e d  l a y e r  o f  A l G a A s .  D u r i n g  
i m p l a n t a t i o n  a r s e n i c  i o n s  i n d u c e  a  n u m b e r  o f  g a l l i u m  v a c a n c i e s  [ 1 . 1 9 ] ,  t h r o u g h  t h e i r  
c o l l i s i o n  w i t h  t h e  G a A s  a t o m s .  T h i s  w i l l  i n c r e a s e  t h e  p o s s i b i l i t y  o f  a l u m i n i u m  s i t t i n g  o n  
t h e s e  s i t e s  t o  f o r m  G a A l A s  a f t e r  a n n e a l i n g .
T h e  e f f e c t  o f  a r s e n i c  i m p l a n t s  o n  d i f f u s i o n  i s  p o i n t e d  o u t  b y  I t o h  a n d  K u s h i r o  
[ 1 . 2 0 ] .  I n  t h e i r  w o r k  o n  d u a l  i m p l a n t s  o f  c a d m i u m  f o l l o w e d  b y  a r s e n i c  a t  r o o m  
t e m p e r a t u r e  i n t o  G a A s  t h e y  f o u n d  t h a t  t h e  c a d m i u m  i m p l a n t  p e r f o r m e d  a t  5 0 0 ° C  c o u l d  
h a v e  r e s u l t e d  i n  s i g n i f i c a n t  l o s s  o f  a r s e n i c ,  h e n c e  t h e  n e e d  f o r  p r e - i m p l a n t a t i o n  w i t h  
a r s e n i c .  T h e  t h e o r y  o f  d u a l  i o n  i m p l a n t a t i o n  i n  c o m p o u n d  s e m i c o n d u c t o r s  [ 1 . 2 1 ]  c a n  b e  
u s e d  t o  e x p l a i n  t h e  n e e d  f o r  m a t c h e d  i m p l a n t s .  W h e n  t h e  i m p l a n t e d  a l u m i n i u m  s i t s  o n
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t h e  g a l l i u m  s u b l a t t i c e  o f  G a A s ,  a n  e q u a l  a m o u n t  o f  t h e  h o s t  a t o m  o n  t h e  o t h e r  s u b l a t t i c e  
i s  a l s o  i m p l a n t e d  t o  m a i n t a i n  s t o i c h i o m e t r y .  I n  t h i s  w a y  o n e  b u i l d s  u p  a  c o m p l e t e  l a t t i c e  
b y  i m p l a n t a t i o n .
1 . 5 . 2  T h e  i o n  b e a m  m i x i n g  m e t h o d
A  s e c o n d  m e t h o d  o f  s y n t h e s i s  i s  a c h i e v e d  b y  i o n  b e a m  m i x i n g  t e c h n i q u e s ,  t w o  
d i f f e r e n t  a p p r o a c h e s  w e r e  u s e d .
( a )  A n  a l u m i n i u m  l a y e r  w a s  d e p o s i t e d  o n  t o p  o f  t h e  G a A s  a n d  t h e  s a m p l e  w a s  t h e n  
i r r a d i a t e d  w i t h  A s  i o n s  u p  t o  l x l O 17 a t o m / c m 2 f o l l o w e d  b y  c a p p i n g  a n d  a n n e a l i n g  f o r  t h e  
t e m p e r a t u r e  r a n g e  o f  6 0 0 - 9 5 0 ° C .
( b )  A r s e n i c  w a s  i m p l a n t e d  f i r s t ,  t h e n  a n  a l u m i n i u m  l a y e r  w a s  d e p o s i t e d  o n  t h e  s u r f a c e  o f  
t h e  i m p l a n t e d  G a A s ,  t h e  s a m p l e s  w e r e  t h e n  a n n e a l e d  u p  t o  a  t e m p e r a t u r e  o f  9 5 0 ° C .
I n  t h i s  w o r k  a  d e t a i l e d  s t u d y  o f  A l xG a l x A s  s y n t h e s i s  b y  i o n  b e a m  m i x i n g  o f  A l  i n t o  
G a A s  b y  A s + i o n  i m p l a n t a t i o n  a t  r o o m  t e m p e r a t u r e  h a s  b e e n  u n d e r t a k e n .  P r e v i o u s  
a t t e m p t s  b y  R .  F a s t o  e t  a l  [ 1 . 2 2 ]  o n  i o n  m i x i n g  A l  w i t h  G a A s  w a s  f o c u s e d  o n  t h e  e f f e c t  o f  
i m p l a n t a t i o n  e n e r g y  a n d  t e m p e r a t u r e  o n  t h e  s y n t h e s i s  o f  A l G a A s .  I n  t h i s  w o r k  t h e  
s y n t h e s i s  a n d  q u a l i t y  o f  t h e  A l G a A s  i s  s t u d i e d  u s i n g  P h o t o l u m i n e s c e n c e ,  T r a n s m i s s i o n  
E l e c t i o n  M i c r o s c o p y  a n d  S e c o n d a r y  I o n  M a s s  S p e c t r o s c o p y .  T h e  r e s u l t s  a r e  c o m p a r e d  
t o  c o m p u t e r  T R I M  s i m u l a t i o n s  [ 1 . 3 9 ] .
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1.6 Literature review
I n  t h i s  s e c t i o n  w e  r e v i e w  t h e  l i t e r a t u r e  r e l e v a n t  t o  t h i s  p r o g r a m m e .  A  r e v i e w  o f  i o n  
i m p l a n t a t i o n  a n d  t h e  d i f f e r e n t  a n a l y t i c a l  m e t h o d s  u s e d  i n  c h a r a c t e r i s i n g  t h i s  m a t e r i a l  i s  
a l s o  g i v e n .
1 . 6 . 1  T h e  i o n  i m p l a n t a t i o n  m e t h o d
T h e  m a j o r  u s e  o f  i o n  i m p l a n t a t i o n  i s  i n  t h e  d o p i n g  o f  s e m i c o n d u c t o r s  f o r  p l a n a r  
d e v i c e s  a p p l i c a t i o n s ,  a s  a  p r e f e r r e d  a l t e r n a t i v e  t o  d o p i n g  b y  d i f f u s i o n .  T h e  p r i n c i p l e  
a d v a n t a g e s  o f  t h i s  t e c h n i q u e  o v e r  d i f f u s i o n  h a v e  b e e n  c o v e r e d  b y  m a n y  r e v i e w  a r t i c l e s  
[ 1 . 2 3 ,  1 . 2 4 ,  1 . 2 5 ] .  A l s o  s o m e  e x c e l l e n t  b o o k s  h a v e  b e e n  w r i t t e n  o n  i o n  i m p l a n t a t i o n .  
T h e  b o o k  b y  H .  R y s s e l  a n d  I .  R u g e ,  ( 1 9 8 6 )  [ 1 . 2 6 ]  c o v e r s  m o s t  u p  t o  d a t e  a s p e c t s  o f  i o n  
i m p l a n t a t i o n  i n c l u d i n g  m a n y  n e w  n o v e l  u s e s .  O t h e r  b o o k s  b y  D e a m a l e y  [ 1 . 2 7 ]  a n d  a  
b o o k  b y  H .  R y s s e l  a n d  H .  G l a w i s c h n i n g  [ 1 . 1 9 ]  d e a l  w i t h  m a c h i n e  d e s i g n  a n d  t h e  
c h a r a c t e r i s a t i o n  o f  t h e  i m p l a n t e d  m a t e r i a l s .  T h e  e f f e c t  o f  i m p l a n t a t i o n  d a m a g e  h a s  b e e n  
d e s c r i b e d  i n  b o o k s  b y  G .  C a r t e r  a n d  W . A .  G r a n t  ( 1 9 7 6 )  [ 1 . 2 9 ]  a n d  b y  P . D .  T o w n s e n d  e t  
a l ,  ( 1 9 7 6 )  [ 1 . 3 0 ] .
T h e  e f f e c t s  o f  h i g h  i m p l a n t a t i o n  d o s e s  ( l i k e  c o m p o s i t i o n a l  c h a n g e s ,  s t o i c h i o m t e r y  
a n d  s p u t t e r i n g )  c a n  b e  d i f f e r e n t  f r o m  t h o s e  a t  t h e  u s u a l  d o p i n g  l e v e l s .  H i g h  d o s e  
i m p l a n t s  c a n  l e a d  t o  t h e  g r o w t h  o f  a  s u r f a c e  o r  a  b u r i e d  l a y e r ,  d e p e n d i n g  o n  t h e  
i m p l a n t a t i o n  e n e r g y .  N a g u i b  a n d  K e l l y  [ 1 . 3 1 ]  p o i n t e d  o u t  t h a t  t h e r e  a r e  i m p o r t a n t  
f a c t o r s  w h i c h  h a v e  t o  b e  c o n s i d e r e d  w h e n  i n d u c i n g  s t r u c t u r a l  c h a n g e s  b y  i o n  i m p l a n t a t ­
i o n  l i k e  t h e  m a t e r i a l  b o n d  t y p e ,  s p u t t e r i n g  a n d  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e .
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1.6.2 Characterisation methods used in the study of the synthesis o f AlGaAs.
I t  i s  i m p o r t a n t  t o  b e  a b l e  t o  r e l a t e  t h e  s t r u c t u r a l ,  e l e c t r o n i c  a n d  o p t i c a l  p r o p e r t i e s  o f  
t h e  s y n t h e s i s e d  ( G a , A l ) A s  l a y e r s  t o  t h e  p r o c e s s  p a r a m e t e r s  u n d e r  w h i c h  t h e  a l l o y  l a y e r  i s  
o b t a i n e d .  C e r t a i n  s p e c i a l  f e a t u r e s  o f  t h e  s y n t h e s i s  o f  t e r n a r y  a l l o y s  f r o m  b i n a r y  
c o m p o u n d s  u n d e r  i m p l a n t a t i o n  o f  g r o u p  I I I  ( A l  i n  t h i s  c a s e )  c o m p o n e n t s  c a n  b e  o b s e r v e d .  
T a b l e  1 . 1  i s  a  s u m m a r y  o f  e a r l i e r  a t t e m p t s  t o  f a b r i c a t e  A l G a A s  b y  t h e  i o n  i m p l a n t a t i o n  
m e t h o d ,  a l l  t h e i r  p r e d i c t i o n s  w e r e  b a s e d  o n  o p t i c a l  c h a r a c t e r i s a t i o n  b u t  t h e i r  c o n c l u s i o n s  
w e r e  c o n t r a d i c t o r y  i n  n a t u r e .
The GaAs Substrate 
Type
Aluminium Implantation 
Condition 
Energy Dose Temp. 
keV atom/cm1 °C
Encapsulation Annealing Cycle 
Temp. °C/time
Characterization Ref.
Te doped 30 1x10“ 400 S i02 Furnace 900/5 hr. Electroluminescence 1.14
Te or Si doped 30 5x10“ RT - Furnace 450/30 min Photoluminescence 1.16
Te or Si doped 30 5x10“ 400-500 -- - Photoluminescence 1.16
n-type 50 1x10” 500 - - Cathodoluminescence 1.39
n-type 50 1x10” 400 SiO, Furnace 900 Cathodoluminescence 1.34
GaAs 30 5x10“ 500 
2x10”
-- - Raman 1.30
T ab le  1.1 Ion  im p lantation  con d ition s o f  earlier attem pts to fabricate A lG a A s  (- -  ind icate  that no  deta ils are g iv e n )
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H u n s p e r g e r  a n d  M a r s h  [ 1 . 1 4 ]  t r i e d  t o  c o n v e r t  G a A s  t o  ( G a , A l ) A s  b y  i m p l a n t i n g  l o w  
e n e r g y  A l + i o n s  a n d  t h e n  s u b s e q u e n t l y  a n n e a l i n g  a t  9 0 0 ° C .  T h e  m a x i m u m  v a l u e  o f  t h e  
i o n  d o s e  u s e d  w a s  2 x l 0 16/ c m 2 c o r r e s p o n d i n g  t o  a n  a l u m i n i u m  c o n c e n t r a t i o n  o f  a p p r o x i ­
m a t e l y  1 0 22 A l  a t o m s / c m 3. I n  t h e i r  w o r k  t h e  c r e a t i o n  o f  a  ( G a , A l ) A s  l a y e r  w a s  o b s e r v e d  
u s i n g  7 7 K  e l e c t r o l u m i n e s c e n c e  i n  w h i c h  t h e  e m i s s i o n  s p e c t r u m  s h i f t e d  t o  s h o r t e r  
w a v e l e n g t h s  a f t e r  i m p l a n t a t i o n  a n d  a n n e a l i n g ,  c o r r e s p o n d i n g  t o  t h e  l a r g e r  e n e r g y  
b a n d g a p  o f  ( G a , A l ) A s  a s  c o m p a r e d  t o  t h a t  o f  G a A s .  F i r s t l y ,  t h e y  i m p l a n t e d  Z n  i n t o  
G a A s  a n d  o b s e r v e d  i t s  e l e c t r o l u m i n e s c e n c e  f i g u r e  1 . 4 ( b ) .  T h e n  t h e y  i m p l a n t e d  A l + 
( 2 x l 0 16/ c m 2 o f  3 0  k e V )  a n d  s a w  a  c h a n g e  i n  t h e  e l e c t r o l u m i n e s c e n c e  d u e  t o  t h e  A l  
i m p l a n t a t i o n  f i g u r e  1 . 4 ( a ) .  T h e  m o d i f i c a t i o n  i s  i n  t w o  a s p e c t s ,  f i r s t  t h e  b a n d - e d g e  
p e a k s  a r e  s h i f t e d  b y  t h e  s a m e  v a l u e  o f  A E  ( E  i s  e n e r g y  i n  e V ) .  T h i s  i n d i c a t e s  t h a t  t h e  
d e f e c t s  l e v e l  r e m a i n s  a t  a b o u t  t h e  s a m e  e n e r g y  l e v e l  a b o v e  t h e  v a l e n c e  b a n d ,  w h i l e  t h e  
e n e r g y  b a n d  g a p  o f  t h e  s e m i c o n d u c t o r  i n c r e a s e s .  S e c o n d l y  t h e r e  i s  s t i l l  a  l a r g e  
b a n d - e d g e  e m i s s i o n  p e a k  a t  1 . 4 5 e V  a f t e r  t h e  A l + i m p l a n t a t i o n  a n d  a n n e a l i n g .  T h e y  
a t t r i b u t e d  t h i s  t o  a n  e m i s s i o n  f r o m  o u t s i d e  t h e  A l  i m p l a n t e d  l a y e r  ( i . e  t h e  G a A s ) .  S e v e r a l  
w o r k e r s  [ 1 . 1 6 ,  1 . 3 3 ,  1 . 3 4 ]  f o l l o w e d  H u n s p e r g e r  a n d  M a r s h  a n d  t h e i r  a n a l y s i s  w a s  a l s o  
b a s e d  o n  o p t i c a l  s t u d i e s  o f  t h e  n e w  c o m p o u n d s .  T h e  c o n c l u s i o n  o f  B e l y i  e t  a l  [ 1 . 1 6 ]  i s  i n  
c o n f l i c t  w i t h  t h e  c o n c l u s i o n s  o f  H u n s p e r g e r  a n d  M a r s h  [ 1 . 1 4 ]  w i t h  r e g a r d  t o  t h e  
i m p o r t a n c e  o f  a d d i t i o n a l  a n n e a l i n g  a t  h i g h  t e m p e r a t u r e s .
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AE AE
1.77 1.88 1.13 0.953 0.826 0.775
Wavelength, j1 m
F i g .  1 . 4  ( a )  T h e  E l e c t r o l u m i n e s c e n c e  o f  Z n  a n d  A l  i m p l a n t e d  G a A s .
( b )  T h e  E l e c t r o l u m i n e s c e n c e  o f  Z n  i m p l a n t e d  G a A s  [ 1 - 4 L
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T h e  i m p o r t a n c e  o f  e n c a p s u l a n t  a n d  a n n e a l i n g  w a s  n o t  a d d r e s s e d  b y  t h e  o t h e r  t w o  
r e f e r e n c e s  [ 1 . 3 4 ,  1 . 3 5 ] ,  a n d  n o  d e t a i l s  a r e  g i v e n  o f  t h e  v a l u e  o f ,  x ,  t h e  a l u m i n i u m  m o l e  
f r a c t i o n  v a l u e  a c h i e v e d .  T h e  i m p o r t a n c e  o f  t h e  a l u m i n i u m  i n c o r p o r a t i o n  o n t o  g a l l i u m  
s i t e s  a n d  t h e  c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  i m p l a n t e d  l a y e r  w e r e  a l s o  n o t  m e n t i o n e d  i n  
a n y  o f  t h e  a b o v e  r e f e r e n c e s .  F i n a l l y  a n y  a n a l y s i s  o f  t h e  a l u m i n i u m  d e p t h  d i s t r i b u t i o n  
a n d  t h e  l a y e r  s t o i c h i o m e t r y  w a s  m i s s i n g  f r o m  a l l  t h e  a b o v e  w o r k .
I o n  i m p l a n t a t i o n  c r e a t e s  l a r g e  a m o u n t s  o f  d a m a g e  i n s i d e  t h e  G a A s  s u b s t r a t e  d u r i n g  
s y n t h e s i s .  K o m a r o v  a n d  T a s h l y k o v  [ 1 . 3 4 ]  i n v e s t i g a t e d  t h e  e f f e c t s  o f  d e f e c t s  i n  g a l l i u m  
a r s e n i d e  o n  i m p l a n t a t i o n  o f  A l +,  a t  v a r i o u s  t e m p e r a t u r e s ,  u s i n g  t h e  n o n - d e s t r u c t i v e  
R u t h e r f o r d  B a c k s c a t t e r i n g  m e t h o d .  T h e y  f o u n d  t h a t  w h e n  t h e  a n n e a l i n g  t e m p e r a t u r e  
w a s  r a i s e d  f r o m  r o o m  t e m p e r a t u r e  t o  3 0 0 ° C ,  t h e r e  w a s  a  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  
y i e l d  o f  t h e  b a c k s c a t t e r e d  h e l i u m  i o n s  n e a r  t h e  p e a k  o f  t h e  d e f e c t s .  T h e  o b s e r v e d  
r e d u c t i o n  i n  t h e  d a m a g e  o n  i n c r e a s e  o f  t h e  i m p l a n t a t i o n  t e m p e r a t u r e  w a s  m a i n l y  d u e  t o  
t h e  a n n e a l i n g  o f  s u r f a c e  d e f e c t s .  I n  a n o t h e r  p a p e r  T a s h l y k o v  [ 1 . 3 5 ]  f o u n d  t h a t  t h e  r a t e  o f  
d e f e c t  f o r m a t i o n  d e p e n d e d  o n  t h e  i m p l a n t a t i o n  t e m p e r a t u r e ,  i o n  c u r r e n t  d e n s i t y ,  a n d  
t o t a l  i o n  d o s e .  W h e n  t h e  i m p l a n t  d o s e  w a s  l a r g e ,  t h e  b a c k s c a t t e r i n g  s p e c t r a  r e v e a l e d  
t a i l s  o f  d e f e c t s  e x t e n d i n g  t o  a  d e p t h  o f  s e v e r a l  h u n d r e d s  o f  n a n o m e t e r s .  T h e  d e p t h  o f  
p e n e t r a t i o n  o f  r a d i a t i o n  i n d u c e d  d e f e c t s  i n  A l + i m p l a n t e d ,  d o p e d ,  g a l l i u m  a r s e n i d e  w a s  
g r e a t e r  t h a n  e x p e c t e d  m a i n l y  b e c a u s e  o f  t h e  r a d i a t i o n - i n d u c e d  a c c e l e r a t i o n  o f  t h e  
d i f f u s i o n  o f  a l u m i n i u m  a t o m s  a n d  d e f e c t s  d u r i n g  i m p l a n t a t i o n ,  f u r t h e r  e n h a n c e d  b y  t h e  
t e m p e r a t u r e  i n c r e a s e  c a u s e d  b y  i o n  b e a m  h e a t i n g .  T a s h l y k o v  n o t i c e d  t h a t  o n  i n c r e a s i n g  
t h e  t e m p e r a t u r e  o f  i m p l a n t a t i o n  o f  A l + i n  g a l l i u m  a r s e n i d e ,  c o n s i d e r a b l e  c h a n g e s  i n  t h e  
c o n c e n t r a t i o n s  a n d  d i s t r i b u t i o n  o f  d e f e c t s  w i t h  d e p t h  r e s u l t e d .  T h i s  i s  r e f l e c t e d  d i r e c t l y  
i n  t h e  R B S  s p e c t r a .  A n o t h e r  i m p o r t a n t  d i f f e r e n c e  b e t w e e n  t h e  e f f e c t s  o f  i r r a d i a t i o n  a t
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e l e v a t e d  t e m p e r a t u r e s  a n d  a t  r o o m  t e m p e r a t u r e  w a s  a n  i n c r e a s e  i n  t h e  n u m b e r  o f  d e f e c t s  
o n  i n c r e a s i n g  t h e  d o s e  n o t  s o  m u c h  b e c a u s e  o f  a n  i n c r e a s e  i n  t h e i r  c o n c e n t r a t i o n  a t  t h e  
p e a k  b u t  a s  a  r e s u l t  o f  e x p a n s i o n  o f  t h e  d e f e c t  r e g i o n  t o w a r d  t h e  s u r f a c e .  H e  a l s o  
i n d i c a t e d  t h a t  t h e  d i s t r i b u t i o n  o f  d e f e c t s  a t  g r e a t e r  d e p t h s  i s  n o t  d u e  t o  t h e  c h a n n e l l i n g  o f  
A l + i o n s  i n  t h e  c o u r s e  o f  h o t  i m p l a n t a t i o n  a n d  i t  i s  a s s u m e d  t h a t  t h e  d i s t r i b u t i o n  o b s e r v e d  
a t  h i g h e r  i m p l a n t a t i o n  t e m p e r a t u r e s  i s  m a i n l y  d u e  t o  e l a s t i c  s t r e s s e s  b e t w e e n  t h e  
i m p l a n t e d  l a y e r  ( c o n t a i n i n g  t h e  s y n t h e s i s e d  c o m p o u n d )  a n d  t h e  m a t r i x .
D a v i e s  e t  a l  [ 1 . 3 6 ]  n o t e d  s e v e r a l  p o i n t s  a b o u t  t h e  d y n a m i c s  o f  d a m a g e  p r o d u c t i o n  i n  
G a A s  b y  i o n  i m p l a n t i n g  A M o n s  a t  6 0  k e V  f o r  d o s e s  o f  3 x l 0 14/ c m 2 t o  d x l O ' V c m 2-
( a ) - I n  t h e  f i r s t  s t a g e  t h e  r a t e  o f  s u b s e q u e n t  d e f e c t  a c c u m u l a t i o n  i n c r e a s e d  s t e e p l y .
( b ) -  W h e n  t h e  n u m b e r  o f  d e f e c t s  r e a c h e s  a  c r i t i c a l  v a l u e  t h e  d i s o r d e r e d  r e g i o n s  i n  t h e  
c r y s t a l  b e g i n  t o  o v e r l a p  a n d  t h e  i m p l a n t e d  l a y e r  b e c o m e s  a m o r p h o u s .
( c ) - D u r i n g  t h e  t h i r d  s t a g e  t h e  n u m b e r  o f  d e f e c t s  i n  t h e  l a y e r  i n c r e a s e s  s l o w l y  w i t h  
i n c r e a s i n g  d o s e  d u e  t o  a  g r a d u a l  i n c r e a s e  i n  t h e  t h i c k n e s s  o f  t h e  i m p l a n t e d  l a y e r .
D a v i e s  a l s o  s t u d i e d  t h e  e f f e c t  o f  i m p l a n t a t i o n  t e m p e r a t u r e  o n  t h e  r e s i d u a l  d a m a g e  i n  
s y n t h e s i s e d  m a t e r i a l  c r e a t e d  b y  A l  i m p l a n t a t i o n .  A t  h i g h e r  i m p l a n t  t e m p e r a t u r e s  t h e  
d e f e c t s  a r e  a n n e a l e d .  F o r  i m p l a n t a t i o n  o f  i o n s  i n  G a A s  c o o l e d  t o  4 0 K ,  D a v i e s  o b s e r v e d  
t h a t  t h e  d e f e c t s  a c c u m u l a t e d  a t  t h e  s a m e  r a t e  a s  t h a t  o f  a  r o o m  t e m p e r a t u r e  i m p l a n t  a n d  
t h e  d a m a g e  b e c o m e s  s a t u r a t e d ,  i . e . ,  t h e  i m p l a n t e d  l a y e r  b e c o m e s  c o m p l e t e l y  d i s o r d e r e d .  
I n  e a r l i e r  w o r k  b y  K u z n e t s o v  [ 1 . 3 7 ]  o n  s y n t h e s i s  o f  a  ( G a , A l ) A s  l a y e r  i n  t h e  n e a r  s u r f a c e  
r e g i o n  u s i n g  i o n s  o f  e n e r g i e s  b e t w e e n  4  a n d  2 0  k e V  i t  w a s  e s t a b l i s h e d  t h a t ,  i f  t h e  
i m p l a n t a t i o n  t e m p e r a t u r e  i s  l e s s  t h a n  5 0 0 ° C ,  t h e n  t h e  s a m p l e  h a s  t o  b e  a n n e a l e d  a t  
t e m p e r a t u r e s  o f  8 5 0 - 9 0 0 ° C ,  o t h e r w i s e  n o  l u m i n e s c e n c e  w a s  s e e n .  T h i s  m e a n s  t h a t  
i m p l a n t i n g  a t  e l e v a t e d  t e m p e r a t u r e  a l o n e  w i l l  n o t  p r o d u c e  a n  A l G a A s  l a y e r  o f  g o o d  
q u a l i t y  a n d  a  f u r t h e r  a n n e a l i n g  s t a g e  i s  n e e d e d .  T h e  s h o r t - w a v e l e n g t h  l u m i n e s c e n c e  a f t e r
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A l + i m p l a n t a t i o n  w a s  c l e a r  e v i d e n c e  o f  t h e  s y n t h e s i s  o f  w i d e r - g a p  m a t e r i a l .  A  c h a r a c t e r ­
i s t i c  f e a t u r e  o f  t h e  s h o r t - w a v e l e n g t h  b a n d s  o b s e r v e d  w a s  t h a t  t h e y  w e r e  m u c h  w i d e r  t h a n  
t h e  G a A s  e d g e  l u m i n e s c e n c e  d u e  t o  t h e  v a r i a b l e  c o m p o s i t i o n  o f  t h e  w i d e r - g a p  l a y e r  
r e s u l t i n g  f r o m  t h e  n o n - u n i f o r m  d e p t h  d i s t r i b u t i o n  o f  t h e  i m p l a n t e d  i o n s .  K u z n e t s o v  a l s o  
o b s e r v e d  t h a t  t h e  l u m i n e s c e n c e  o f  G a A s  i m p l a n t e d  w i t h  A l + i o n s  s h o w e d  a  d e f e c t  r e g i o n  
u n d e r n e a t h  t h e  l a y e r  o f  ( G a , A l ) A s .  T h e  f o r m a t i o n  o f  t h i s  r e g i o n  m i g h t  b e  d u e  t o  
d i s p l a c e d  g a l l i u m  ( f o r c e d  i n t o  t h e  b u l k  o f  t h e  c r y s t a l  a s  t h e  a l l o y  i s  p r o d u c e d )  o r  a r s e n i c  
i s  l o s t  a s  t h e  a r s e n i c  r e q u i r e d  f o r  a l l o y  s t o i c h i o m e t r y  i s  s u p p l i e d  b y  t h e  d i f f u s i o n  f r o m  t h e  
b u l k  o f  t h e  c r y s t a l .
K a c h u r i n  e t  a l  [ 1 . 3 8 ]  d e s c r i b e d  t h e  g r o w t h  o f  e p i t a x i a l  f i l m s  f r o m  m e l t s  w i t h  
c o m p o n e n t s  i n t r o d u c e d  b y  i o n  b o m b a r d m e n t . .  I n  t h e i r  w o r k  a  g a l l i u m  f i l m ,  0 . 8  | i m  t h i c k ,  
w a s  d e p o s i t e d  b y  v a c u u m  e v a p o r a t i o n  o n  p o l i s h e d  a n d  e t c h e d  g a l l i u m  a r s e n i d e  s i n g l e  
c r y s t a l s .  T h e s e  c r y s t a l s  w e r e  t h e n  i r r a d i a t e d ,  f r o m  t h e  e v a p o r a t e d  f i l m  s i d e ,  w i t h  A l + 
i o n s  o f  d o s e s  o f  a b o u t  1 0 17/ c m 2. T h e  i o n  e n e r g y  a n d  g a l l i u m  f i l m  t h i c k n e s s  w a s  s e l e c t e d  
i n  s u c h  a  w a y  t h a t  t h e  i o n s  d i d  n o t  r e a c h  t h e  s u r f a c e  o f  t h e  g a l l i u m  a r s e n i d e .  T h i s  
p r e v e n t e d  t h e  f o r m a t i o n  o f  r a d i a t i o n  i n d u c e d  d e f e c t s  i n  t h e  s u b s t r a t e .  T h e  h i g h  
t e m p e r a t u r e  o f  t h e  t a r g e t  d u r i n g  i r r a d i a t i o n  e n s u r e d  t h a t  t h e  g a l l i u m  f i l m  w a s  i n  t h e  l i q u i d  
s t a t e .  T h e y  u s e d  t h e  e l e c t r o n  d i f f r a c t i o n  m e t h o d  a n d  p h o t o l u m i n e s c e n c e  t o  i n v e s t i g a t e  
t h e  f a b r i c a t e d  s t r u c t u r e .  I t  w a s  f o u n d  t h a t  a  n e w  c o m p o u n d  i n  t h e  f o r m  o f  a  s e p a r a t e  
e p i t a x i a l  r e g i o n ,  f o r m e d  o n  t h e  g a l l i u m  a r s e n i d e .
T h e  m e t h o d  o f  b a c k s c a t t e r i n g  o f  c h a n n e l l e d  i o n s  h a s  b e e n  u s e d  t o  s t u d y  t h e  
f o r m a t i o n  o f  d e f e c t s  i n  g a l l i u m  a r s e n i d e ,  i m p l a n t e d  w i t h  A l + i o n s .  S e v e r a l  a u t h o r s  h a v e  
u s e d  t h i s  t e c h n i q u e  e x t e n s i v e l y  t o  a n a l y s e  t h e i r  r e s u l t s ,  K o m a r o v  a n d  T a s h l y k o v  [ 1 . 3 4 ]  
u s e d  t h e  n o n d e s t r u c t i v e  b a c k s c a t t e r i n g  m e t h o d ,  i n  w h i c h  h e l i u m  i o n s  a c c e l e r a t e d  t o  1 . 4  
M e V ,  a r e  d e t e c t e d  a t  a  1 6 0 °  b a c k s c a t t e r i n g  g e o m e t r y .  I n  t h e i r  e x p e r i m e n t  t h e  e n e r g y
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s p e c t r a  o f  t h e  s c a t t e r e d  h e l i u m  i o n s  w e r e  o b t a i n e d  b o t h  f o r  a  m i s o r i e n t e d  t a r g e t  ( r a n d o m  
s p e c t r a )  a n d  c h a n n e l l i n g  a l o n g  a  [ 1 1 1 ]  a x i s .  T h e y  u s e d  t h i s  s p e c t r a  t o  d e m o n s t r a t e  
a m o r p h i z a t i o n  o f  t h e  s u r f a c e  l a y e r  o f  G a A s  a s  a  r e s u l t  o f  i m p l a n t a t i o n .  T h e  t h i c k n e s s  o f  
t h e  a m o r p h o u s  l a y e r  w a s  o b t a i n e d  f r o m  t h e  s p e c t r u m .  T h e  R B S  t e c h n i q u e  w a s  a l s o  u s e d  
t o  a n a l y s e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r a t e  o f  d a m a g e  p r o d u c t i o n  f o r  a  l a r g e  
i m p l a n t e d  d o s e  o f  A l + i o n s .  T h e  s a m e  e f f e c t  w a s  a l s o  n o t e d  b y  T a s h l y k o v  [ 1 . 3 5 ] ,  R B S  
h a s  a l s o  b e e n  u s e d  t o  w o r k  o u t  t h e  d e f e c t  a c c u m u l a t i o n  o n  i n c r e a s e  o f  t h e  i m p l a n t e d  d o s e .
F r o m  s t u d y i n g  s e v e r a l  l u m i n e s c e n c e  s p e c t r a  f o r  A l + i m p l a n t e d  G a A s ,  i t  p o s s i b l e  t o  
w o r k  o u t  a  s u i t a b l e  a n n e a l i n g  t e m p e r a t u r e ,  H u n s p e r g e r  [ 1 . 1 4 ]  n o t e d  t h a t  h i s  b e s t  
e l e c t r o l u m i n e s c e n c e  s p e c t r u m  o f  ( G a , A l ) A s  l a y e r  c o r r e s p o n d e d  t o  a n  a n n e a l i n g  t e m p e r a ­
t u r e  o f  4 0 0 ° C  f o r  5  h o u r s ,  i . e .  l o n g  a n n e a l i n g .  T h e  s y n t h e s i s  b y  h o t  i m p l a n t a t i o n  w a s  
a t t e m p t e d  b y  B e l y i  e t  a l  [ 1 . 1 6 ]  a n d  i n  t h i s  w o r k  t h e  P L  s i g n a l  o b s e r v e d  w a s  a l s o  
a t t r i b u t e d  t o  t h a t  o f  ( G a , A l ) A s .
I n  t h e  l a s t  f e w  y e a r s  g r e a t  a t t e n t i o n  h a s  b e e n  g i v e n  t o  T E M  a s  a  t o o l  t o  a n a l y s e  
s e m i c o n d u c t o r  m a t e r i a l s  [ 1 . 2 2 ] .  T h e  p o w e r  o f  T E M  l i e s  i n  t h e  h i g h  r e s o l u t i o n  o f  t h e  
s y s t e m  a n d  a l s o  t h e  d i r e c t  i d e n t i f i c a t i o n  o f  d i s l o c a t i o n s  a n d  d e f e c t s  i n  t h e  s e m i c o n d u c t o r  
m a t e r i a l .  T h e  d i s a d v a n t a g e  i s  t h e  s a m p l e  p r e p a r a t i o n  i s  v e r y  d e l i c a t e  a n d  t i m e  c o n s u m ­
i n g .  T r a n s m i s s i o n  e l e c t r o n  d i f f r a c t i o n  s p e c t r a  o f  t h e  i m p l a n t e d  s a m p l e s  c a n  b e  c o m p a r e d  
t o  t h a t  o f  t h e  a s  g r o w n  m a t e r i a l ,  a n d  s e v e r a l  c h a r a c t e r i s t i c  f e a t u r e s  c a n  b e  s e e n  c a u s e d  b y  
t h e  A l + o r  A s + i m p l a n t a t i o n .
R a m a n  s p e c t r o s c o p y  i s  a n o t h e r  m e t h o d  t h a t  h a s  b e e n  u s e d  f o r  a n a l y s i n g  A l + 
i m p l a n t e d  s a m p l e s .  N o v a k  [ 1 . 3 3 ]  u s e d  t h e  R a m a n  m e t h o d  t o  a n a l y s e  A l + i m p l a n t e d  i n t o  
G a A s .  T h e s e  A l + i o n s  c a n  a f f e c t  t h e  a t o m i c  i n t e r a c t i o n  o f  t h e  G a A s  l a t t i c e  b e c a u s e  o f  t h e  
o c c u p a t i o n  o f  s i t e s  b y  A l + a t o m s .  T h i s  k i n d  o f  d i s t o r t i o n  i s  i n d i c a t e d  b y  t h e  s t r o n g  
b r o a d e n i n g  o f  t h e  b a n d s  o f  t h e  p r i n c i p l e  l a t t i c e  v i b r a t i o n s  a n d  o n  t h e  s p l i t t i n g  o f  t h e  T O
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b a n d  i n t o  t w o  c o m p o n e n t s .  T h e  a n a l y s i s  o f  t h e  f r e q u e n c i e s  a n d  p r o f i l e s  o f  t h e  l i n e s  d u e  
t o  t h e  p r i n c i p a l  l a t t i c e  v i b r a t i o n s  c a n  b e  p l o t t e d  a n d  c a n  g i v e  i n f o r m a t i o n  o n  t h e  s t r u c t u r e  
o f  t h e  p h a s e s  o b t a i n e d  a n d  o n  r a d i a t i o n  i n d u c e d  d e f e c t s  o f  t h e  l a t t i c e .
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C H A P T E R  2
EXPERIM ENTAL TECHNIQUES
T h e  p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  a  s u m m a r y  o f  t h e  v a r i o u s  a p p r o a c h e s  u s e d  
t o  f a b r i c a t e  a n d  t o  c h a r a c t e r i s e  t h e  s y n t h e s i s e d  A l G a A s  l a y e r .  B y  c h a r a c t e r i s a t i o n  w e  
r e f e r  t o  t h e  c o m p l e t e  r a n g e  o f  t e c h n i q u e s  u s e d  i n  d e t e r m i n i n g  t h e  s t r u c t u r e  a n d  p r o p e r t i e s  
o f  G a A s / A l G a A s  m a t e r i a l .  A  l a r g e  n u m b e r  o f  d i f f e r e n t  e x p e r i m e n t a l  m e t h o d s  a r e  
d e s c r i b e d  i n  t h i s  s e c t i o n .  T h e  p r i n c i p l e  a i m  w i t h  m a t e r i a l  c h a r a c t e r i s a t i o n  i s  t o  e s t a b l i s h  
a  r e l i a b l e  d a t a  b a s e  g i v i n g  a s  c o m p l e t e  a  d e s c r i p t i o n  o f  t h e  m a t e r i a l ’ s  p r o p e r t i e s  a s  
p o s s i b l e  a n d  t o  t h i s  e n d  a  m u l t i - t e c h n i q u e  a p p r o a c h  i s  a l w a y s  n e c e s s a r y .  I t  t h e r e f o r e  
i n c l u d e s :  ( i )  G a A s / A l G a A s  l a y e r  i d e n t i f i c a t i o n  a n d  a  s t u d y  o f  d e f e c t s  u s i n g  R u t h e r f o r d  
B a c k s c a t t e r i n g  ( R B S ) ;  ( i i )  c o m p o s i t i o n  p r o f i l i n g  ( i . e .  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  
d e p t h )  a n d  p r o f i l e  c h a n g e s  a d d r e s s e d  b y  t h e  a p p l i c a t i o n  o f  S e c o n d a r y  I o n  M a s s  
S p e c t r o s c o p y ;  ( i i i )  S E M  a n d  X - R a y  M i c r o p r o b e  t o  d e t e r m i n e  l o c a l  v a l u e s  o f  p h y s i c a l  
p r o p e r t i e s :  ( i v )  a  d e t a i l e d  s t u d y  o f  t h e  i m p l a n t e d  r e g i o n  m i c r o s t r u c t u r e  u s i n g  T r a n s m i s ­
s i o n  E l e c t r o n  M i c r o s c o p y  a n d  ( v )  P h o t o l u m i n e s c e n c e  s p e c t r o s c o p y  o f  t h e  i m p l a n t e d  a n d  
a n n e a l e d  s t r u c t u r e  t o  g i v e  i n f o r m a t i o n  a b o u t  t h e  o p t i c a l  q u a l i t y  o f  t h e  s y n t h e s i s e d  l a y e r .
2.1 Introduction
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2.2 Physics o f Ion Implantation
I o n  i m p l a n t a t i o n  i s  a  p o w e r f u l  m e t h o d  w i t h  w h i c h  a t o m s  c a n  b e  a d d e d  t o  a  s o l i d  
u n d e r  c o n t r o l l e d  c o n d i t i o n s  w i t h o u t  t h e  a c c i d e n t a l  i n c o r p o r a t i o n  o f  u n w a n t e d  i m p u r i t i e s .  
C h e m i c a l  d o p i n g  f r o m  a n  i o n  b e a m  i s  a  " c l e a n "  m e t h o d  a n d  w i t h  a c c e l e r a t o r s  a n d  m a s s  
s e p a r a t o r s  o f  h i g h  r e s o l u t i o n  i t  i s  p o s s i b l e  t o  i m p l a n t  a  s i n g l e  i s o t o p e .  A  s c h e m a t i c  o f  t h e  
i o n  i m p l a n t e r  u s e d  i s  s h o w n  i n  f i g u r e  2 . 1  a n d  c o n s i s t s  o f  a n  i o n  s o u r c e ,  a c c e l e r a t i o n  t u b e ,  
a n a l y s i n g  m a g n e t ,  b e a m  s c a n n i n g ,  t a r g e t  c h a m b e r  a n d  t h e  d o s e  m e a s u r e m e n t  e l e c t r o n i c s .
I o n  s o u r c e s  u n i v e r s a l l y  p r o d u c e  i o n s  b y  m e a n s  o f  a  c o n f i n e d  e l e c t r i c a l  d i s c h a r g e  
[ 1 . 1 9 ] .  T h e  s o u r c e  h a s  a  c a t h o d e  w h i c h  s u p p l i e s  t h e  e l e c t r o n s  w h i c h  w i l l  i o n i s e  t h e  g a s  
o r  v a p o u r  t h a t  w a s  i n t r o d u c e d  i n t o  t h e  i o n  s o u r c e  a r c - c h a m b e r .  T h e  c a t h o d e  m a t e r i a l  i s  
t u n g s t e n  ( w h i c h  h a s  m e c h a n i c a l  s t r e n g t h  a t  t h e  r e q u i r e d  e l e c t r o n - e m i t t i n g  t e m p e r a t u r e ) .  
T h e  s o u r c e  a l s o  h a s  a n  a n o d e  w h i c h  i n  m o s t  i o n  s o u r c e s  i s  t h e  a r c - c h a m b e r  b o d y  a n d  t h e  
g e o m e t r y  o f  t h i s  a r c - c h a m b e r  i s  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  d i s t r i b u t i o n  o f  t h e  p l a s m a .  
T h e  m a j o r i t y  o f  i o n  s o u r c e s  u s e  a  m a g n e t i c  f i e l d  t o  i n c r e a s e  t h e  p a t h  l e n g t h  o f  t h e  
e l e c t r o n s  f r o m  t h e  c a t h o d e  i n  o r d e r  t o  m a x i m i s e  t h e i r  i o n i s i n g  e f f i c i e n c y .  T h e  f e e d  
m a t e r i a l  c a n  e i t h e r  b e  a  g a s  w h i c h  i s  i n t r o d u c e d  v i a  a  n e e d l e  v a l v e  o r  a  v a p o u r  s u p p l i e d  
f r o m  a  l i q u i d  o r  s o l i d  h e a t e d  i n  a n  o v e n  w h i c h  i s  d i r e c t l y  c o n n e c t e d  t o  t h e  s o u r c e  a r c  
c h a m b e r  b y  a  t u b e  o f  s u i t a b l e  c o n d u c t a n c e  a n d  t e m p e r a t u r e .  T h e  i o n  s o u r c e s  p r o d u c e  
m a n y  d i f f e r e n t  e l e m e n t s ,  i s o t o p e s ,  a n d  c h a r g e  s t a t e s .  F o r  e x a m p l e ,  i n  o u r  c a s e ,  f o r  t h e  
A 1 +  w h i c h  i s  o b t a i n e d  f r o m  s o l i d  a l u m i n i u m  m a t e r i a l ,  a d d i t i o n a l  s p e c i e s  a r e  e x p e c t e d .  I n  
a l l  o f  t h e s e  c a s e s  a n  a n a l y s i n g  m a g n e t ,  i s  n e e d e d  t o  s e p a r a t e  t h e s e  s p e c i e s .  T h e  m a g n e t  
i s  p l a c e d  a f t e r  t h e  a c c e l e r a t i n g  t u b e  ( w h i c h  i s  a  m u l t i - g a p  t u b e ) .  I n  a  m a g n e t i c  f i e l d ,  H ,  
a n  i o n  p a t h  t a k e s  o n  a  r a d i u s  o f  c u r v a t u r e  R  s u c h  t h a t ,
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VACUUM
System
F i g .  2 . 1  S c h e m a t i c  d i a g r a m  o f  t h e  5 0 0 k e V  i o n  i m p l a n t e r  o f  t h e  
u n i v e r s i t y  o f  S u r r e y  a n d  i t s  i o n  s o u r c e .
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2.1
w h e r e  V  i s  t h e  a c c e l e r a t i n g  v o l t a g e ,  M  t h e  i o n  m a s s  a n d  e  t h e  c h a r g e  o f  t h e  i o n .  B y
i m p l a n t  a r e  a l l o w e d  t o  p a s s  t h r o u g h  s l i t s  t h a t  d e f i n e  t h e  r a d i u s  o f  c u r v a t u r e .  T h e  
e l e c t r o s t a t i c  s c a n n i n g  i s  d o n e  b y  t w o  p a i r s  o f  d e f l e c t i o n  p l a t e s .
T h e  t a r g e t  c h a m b e r  i s  p u m p e d  d o w n  t o  a p p r o x i m a t e l y  1 C F  t o r r  f o r  t h e  i m p l a n t a t i o n
t h e s e  i o n s  w i l l  b e  n e u t r a l i s e d  b y  e l e c t r o n s  f l o w i n g  t o  t h e  s a m p l e  f r o m  t h e  c u r r e n t  
i n t e g r a t o r  c i r c u i t  p l a c e d  b e t w e e n  t h e  s a m p l e  a n d  e a r t h .  T h e  c h a r g e ,  Q ,  i s  r e l a t e d  t o  t h e  
c u r r e n t  f l o w i n g ,  I ,  a s  f o l l o w s
w h e r e  n = l  f o r  a  s i n g l y  c h a r g e d  p a r t i c l e ,  n = 2  f o r  a  d o u b l y  i o n i z e d  p a r t i c l e  a n d  t = t i m e .  
T h i s  i n t e g r a t o r  c i r c u i t  c a n  a l s o  r e g i s t e r  s e c o n d a r y  a n d  t e r t i a r y  e l e c t r o n s  a s  p o s i t i v e  i o n s  
a n d  t h e r e f o r e  a  s u i t a b l e  a r r a n g e m e n t  o f  b i a s e d  p l a t e s  m u s t  b e  u s e d  t o  s u p p r e s s  t h e s e  
e l e c t r o n s .  E l e c t r o s t a t i c  s u p p r e s s i o n  i s  p r o v i d e d  b y  n e g a t i v e l y  b i a s e d  p l a t e s  i n  f r o n t  o f  
t h e  t a r g e t .
2 . 2 . 1  I m p l a n t a t i o n  d o s e
T o  m e a s u r e  t h e  d o s e  a n d  d o s e  u n i f o r m i t y ,  t h e  b e a m  c u r r e n t  ( I B)  i s  i n t e g r a t e d  w i t h  
r e s p e c t  t o  t i m e  t o  y i e l d  t h e  t o t a l  c h a r g e .  T h e  c h a r g e  s t a t e  o f  t h e  i o n s  i s  a s s u m e d  a n d  t h e
a d j u s t i n g  t h e  m a g n e t i c  f i e l d  o n l y  t h e  s e l e c t e d  s p e c i e s  o f  75A s + a n d  27A 1 + i n  t h e  a l u m i n i u m
t o  t a k e  p l a c e .  T h e  i o n s  h i t t i n g  t h e  s a m p l e  w i l l  p r o d u c e  c h a r g e s  i n s i d e  t h e  s a m p l e  a n d
2.2Q
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i m p l a n t e d  a r e a  i s  k n o w n ,  t h e  i n c i d e n t  d o s e  ( i o n s / c m 2)  c a n  t h e n  b e  d e t e r m i n e d .  T h e  
c o l l e c t e d  c h a r g e s  ( Q Total)  a r e  r e l a t e d  t o  t h e  t o t a l  d o s e  b y  m e a n s  o f  t h e  c h a r g e  o n  e a c h  
i n c o m i n g  i o n .  T h e  d o s e  i s  g i v e n  b y  :
S i n c e  m o s t  i m p l a n t e d  s a m p l e s  a r e  c h a r a c t e r i z e d  o v e r  o n l y  a  s m a l l  p o r t i o n  o f  t h e i r  
s u r f a c e ,  a r e a - n o r m a l i z e d  d o s e  v a l u e s  a r e  g e n e r a l l y  u s e d .  T h e  a r e a l  d o s e  v a l u e  i s  t h e n  
g i v e n  b y :
I n  p r a c t i c e  t h e  r e t a i n e d  d o s e  i s  a l w a y s  l e s s  t h a n  t h e  i n c i d e n t  d o s e  ( s e e  f i g u r e  2 . 2 )  a s
t h e r e  i s  a  f i n i t e  p r o b a b i l i t y  o f  b o t h  i o n  r e f l e c t i o n  a n d  t a r g e t  s p u t t e r i n g  o c c u r r i n g  [ 2 . 8 ] .
T h e  l o s s e s  c a u s e d  b y  s p u t t e r i n g  d e p e n d  u p o n  t h e  i m p l a n t e d  d o s e  a n d  t h e  i o n  t o  t a r g e t
a t o m ' s  m a s s  r a t i o .  T a r g e t  e r o s i o n  w i l l  o c c u r  c a u s i n g  e j e c t i o n  o f  a t o m s  p r e v i o u s l y
i m p l a n t e d .
R e t a i n e d
D o s e
(x 1 0 15 i o n / c m 2 ) -----------------------------------------------------—  ------------------------
2 . 3
2 . 4
3
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( 1 x 1 0 15/ C m 2 )
F i g .  2 . 2  R e t a i n e d  d o s e  a g a i n s t  i n c i d e n t  d o s e  o f  K r  i m p l a n t e d  G a A s  
( F r o m  1 . 1 9 ) .
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T h e  p a r a m e t e r  f o r  d e s c r i b i n g  s p u t t e r i n g  i s  t h e  s p u t t e r i n g  y i e l d ,  S ,  w h i c h  i s  d e f i n e d  a s  
t h e  a v e r a g e  n u m b e r  o f  s p u t t e r e d  a t o m s  p e r  i n c i d e n t  i o n  [ 2 . 3 ] .  T h e  s p u t t e r i n g  y i e l d  f o r  
n o r m a l  i n c i d e n c e  i s  g i v e n  b y  :
S E a ( M 2/ M 1)
s  =  y —  2 . 5
U0
w h e r e  M j  a n d  M 2 a r e  t h e  i o n  a n d  t h e  t a r g e t  m a t e r i a l  a t o m i c  m a s s  r e s p e c t i v e l y  a n d  U Q i s  
t h e  s u r f a c e  b i n d i n g  e n e r g y .  U 0 c a n  b e  e s t i m a t e d  f r o m  t h e  h e a t  o f  s u b l i m a t i o n  ( - h e a t  o f  
v a p o r i z a t i o n )  [ 2 . 9 ]  a n d  f o r  G a A s  h a s  a  v a l u e  o f  3 . 3  e V  a s  c a l c u l a t e d  f r o m  T h u r m o n d  
[ 2 . 1 ]  a n d  A r t h u r  [ 2 . 2 ]  d a t a .  Y  i s  a  c a l c u l a b l e  c o n s t a n t  a n d  S p i s  t h e  s t o p p i n g  c r o s s  
s e c t i o n  f o r  d i s p l a c e m e n t .  T h e  e f f i c i e n c y  o f  e n e r g y  t r a n s f e r  a  i s  a  f u n c t i o n  o f  ( M / M j ) .  
T h e  s p u t t e r  r a t e  f o r  t h e  G a A s  l a y e r  c a n  t h e n  b e  c a l c u l a t e d  f o r  d i f f e r e n t  e n e r g i e s  a n d  
d o s e s .  T h e  t h i c k n e s s  o f  G a A s  s p u t t e r e d  , d ,  i s  c a l c u l a t e d  f r o m  t h e  s p u t t e r i n g  y i e l d  a n d  
i o n  d o s e  ( N s)  a n d  i s  g i v e n  b y  :
S  2 . 6
d = 17 Ns N
w h e r e  N  i s  t h e  t a r g e t  a t o m i c  d e n s i t y  ( N = 4 . 4 2 x l 0 22 a t o m / c m 3 f o r  G a A s ) .  T h e o r e t i c a l  
c a l c u l a t i o n s  b a s e d  o n  t h e  S i g m u n d  [ 2 . 3 ]  m o d e l  o f  s p u t t e r i n g  g a l l i u m  a r s e n i d e  b y  
a l u m i n i u m  i o n s  p r e d i c t  t h a t  t h e r e  i s  a  s m a l l  e r o s i o n  r a t e  v a l u e  a s s o c i a t e d  w i t h  t h e  
a l u m i n i u m  i m p l a n t .  T a b l e  2 . 1  s h o w s  s p u t t e r i n g  r a t e s  b a s e d  o n  e q u a t i o n  2 . 5 .
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A l u m i n i u m A l u m i n i u m
E n e r g y E r o s i o n  R a t e
( k e V ) ( a t o m s / i o n )
1 0 0 2 . 3
1 2 0 2 . 1
1 3 5 2 . 0
1 5 0 1 . 9
T a b l e  2 . 1  R e s u l t s  o f  t h e  e r o s i o n  r a t e  d u e  t o  t h e  A l  i m p l a n t  
c a l c u l a t e d  u s i n g  S U S P R E  [ 5 . 4 ,  2 . 3 ] ,  a n g l e  o f  i n c i d e n t  =  0 .
2 . 2 . 2  I m p l a n t a t i o n  P r o f i l e
A c c o r d i n g  t o  t h e  L S S  t h e o r y  [ 2 . 4 ]  ( L i n d h a r d ,  S c h a r f f  a n d  S c h i o t t  t h e o r y )  t h e  
d i s t r i b u t i o n  o f  t h e  i m p l a n t e d  i o n s  ( A s + a n d  A l + i o n s  i n  o u r  c a s e )  i s  g i v e n  b y  a p p r o x i m a t e l y  
G a u s s i a n  i n t o  a n  a m o r p h o u s  t a r g e t .  A  b u r i e d  G a u s s i a n  d i s t r i b u t i o n  i s  d e s c r i b e d  b y  
t w o  p a r a m e t e r s ,  t h e  p r o j e c t e d  r a n g e  R p a n d  t h e  s t a n d a r d  d e v i a t i o n  o r  s t r a g g l i n g ,  A R p, 
f i g u r e  2 . 3 .  T h e  i m p l a n t e d  p r o f i l e ,  N z, c a n  b e  d e s c r i b e d  b y :
Ns f (Z -Rpf
-  2 . 5 ~  A R . e X p  ~  H K R l
N z  =  - -  e x p  {  -  2 . 7
W h e r e  N z i s  t h e  c o n c e n t r a t i o n  a t  a  d i s t a n c e  Z  m e a s u r e d  a l o n g  t h e  a x i s  o f  i n c i d e n c e .  
T h e r e  a r e  t w o  m e c h a n i s m s  f o r  t h e  l o s s  o f  t h e  i o n  e n e r g y ,  ( i )  c o l l i s i o n  o f  i o n s  w i t h  f r e e  
a n d  b o u n d  e l e c t r o n s  a n d  ( i i )  c o l l i s i o n s  w i t h  t h e  a t o m i c  n u c l e i .  A s s u m i n g  t h e s e  p r o c e s s e s  
a r e  i n d e p e n d e n t  o n e  o b t a i n s  f o r  t h e  e n e r g y  l o s s  p e r  u n i t  d i s t a n c e :
d E  2 . 8■—  = «(£'. + £„)
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ARr
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ions/m3 at 
distance. 2
R p distance into the solid
F i g .  2 . 3  ( a )  T h e  p a t h  o f  a n  i o n  e n t e r i n g  a  s o l i d  s h o w i n g  t h e  p r o j e c t e d
r a n g e  R p a n d  t h e  s t a n d a r d  d e v i a t i o n  A R P.  ( b )  T h e  G a u s s i a n  
p r o f i l e ,  t h e  r e l a t i v e  w i d t h  R p / A R p o f  t h e  d i s t r i b u t i o n  d e p e n d s  
o n  t h e  r a t i o  b e t w e e n  i o n  m a s s  a n d  t h a t  o f  t h e  s u b s t r a t e  
a t o m s .
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w h e r e  R  g i v e s  t h e  t o t a l  p a t h  l e n g t h  f o r  a n  i o n  s l o w i n g  d o w n  f r o m  a n  e n e r g y  E .  E n a n d  E e 
a r e  t h e  n u c l e a r  a n d  e l e c t r o n i c  s t o p p i n g  p o w e r s  r e s p e c t i v e l y .  I f  E  i s  a  l a r g e  v a l u e  t h e n  t h e  
i o n  p a t h  i s  e s s e n t i a l l y  a  s t r a i g h t  l i n e  i n  t h e  o r i g i n a l  d i r e c t i o n  o f  t h e  m o t i o n ,  s i n c e  t h e  
s t o p p i n g  i s  e l e c t r o n i c ,  w i t h  o n l y  a  s m a l l  a m o u n t  o f  s t r a g g l e  a t  t h e  e n d  d u e  t o  n u c l e a r  
c o l l i s i o n s .  T w o  i o n s  w i l l  n o t  f o l l o w  t h e  s a m e  p a t h  e v e n  t h o u g h  t h e i r  i n i t i a l  e n e r g y  i s  
i d e n t i c a l .  T h i s  i s  b e c a u s e  i n d i v i d u a l  i o n s  w i l l  h a v e  d i f f e r e n t  r a n d o m  i m p a c t  p a r a m e t e r s  
w i t h  t h e  t a r g e t  s u r f a c e  a t o m s  a n d  h e n c e  t h e i r  s u b s e q u e n t  c o l l i s i o n  s e q u e n c e s  w i l l  b e  
d i f f e r e n t  f r o m  e a c h  o t h e r .
2 . 2 . 3  I m p l a n t a t i o n  t e m p e r a t u r e
F o r  t h e  A s + i m p l a n t  t h e  i o n  b e a m  c u r r e n t  v a l u e  w a s  k e p t  b e l o w  5  p A ,  w h i c h  i s  l o w  
e n o u g h  t o  a v o i d  s a m p l e  h e a t i n g  d u r i n g  i m p l a n t a t i o n .  T h e  s a m p l e  t e m p e r a t u r e  w a s  
m e a s u r e d  s e v e r a l  t i m e s  d u r i n g  i m p l a n t a t i o n ,  a n d  k e p t  b e l o w  5 2 ° C  b y  a d j u s t i n g  t h e  
i m p l a n t a t i o n  b e a m  c u r r e n t .  F o r  t h e  A l  i m p l a n t  t h e  i o n  b e a m  c u r r e n t  w a s  k e p t  e v e n  l o w e r  
t h a n  t h a t  o f  a r s e n i c  a n d  t h e  s a m p l e  m e a s u r e d  t e m p e r a t u r e  w a s  a l w a y s  b e l o w  5 0 ° C .  S u c h  
a  l o w  t e m p e r a t u r e  c a n n o t  c a u s e  r a d i a t i o n  e n h a n c e d  d i f f u s i o n  a n d  h e n c e  d o e s  n o t  d i s t u r b  
t h e  a l u m i n i u m  d i s t r i b u t i o n  p r o f i l e  w i t h i n  t h e  i m p l a n t e d  r a n g e  o f  t h e  i o n s .  I n  o r d e r  t o  
f u r t h e r  r e d u c e  t h e  i o n  i m p l a n t a t i o n  d a m a g e ,  t h e  m e t h o d  o f  i m p l a n t i n g  a t  e l e v a t e d  
t e m p e r a t u r e  w a s  u s e d .  I n  t h i s  m e t h o d  a  h o t  s t a g e  s a m p l e  h o l d e r  w a s  u s e d .  I t  h a s  a n  
e l e c t r i c a l l y  i s o l a t e d  p l a t e  f o r  t h e  s a m p l e  t o  b e  c l i p p e d  t o ,  t h i s  p l a t e  i s  h e a t e d  u p  t o  2 3 0 ° C
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d u r i n g  i m p l a n t a t i o n  b y  p a s s i n g  e l e c t r i c a l  c u r r e n t  t h r o u g h  a  h e a t i n g  c o i l  b u r i e d  u n d e r n e a t h  
t h e  p l a t e .  A f t e r  i m p l a n t a t i o n  t h e  s a m p l e s  w e r e  s e a l e d  w i t h  S i 3N 4 a n d  A I N  e n c a p s u l a n t s  
a n d  t h e n  r a p i d  t h e r m a l  a n n e a l e d  u p  t o  8 5 0 ° C .
2 . 3  D a m a g e  r e d u c t i o n
W h e n  i o n s  m o v e  t h r o u g h  a n  a t o m i c  a r r a y  o f  a  s o l i d ,  t h e y  l o s e s  e n e r g y  i n  a  
s u c c e s s i o n  o f  c o l l i s i o n s ,  a n d  e v e n t u a l l y  t h e y  c o m e  t o  r e s t .  E a c h  a t o m  i s  b o u n d  t o  i t s  
e q u i l i b r i u m  l a t t i c e  p o s i t i o n  b y  t h e  f o r c e s  o f  i n t e r a c t i o n  w i t h  i t s  n e i g h b o u r s ,  b u t  i f  i n  a  
c o l l i s i o n  i t  c a n  r e c e i v e  e n o u g h  k i n e t i c  e n e r g y  t o  o v e r c o m e  t h e s e  b i n d i n g  f o r c e s ,  i t  c a n  b e  
e j e c t e d  f r o m  i t s  e q u i l i b r i u m  p o s i t i o n ,  c r e a t i n g  a  v a c a n c y  i n  t h e  a t o m i c  a r r a y  a n d  
d i s p l a c i n g  a n  e x t r a  l a t t i c e  a t o m  t o  s o m e  d i s t a n c e  f r o m  t h i s  v a c a n c y .  T h e  e x t r a  a t o m  m a y  
i t s e l f  p o s s e s s  s u f f i c i e n t  k i n e t i c  e n e r g y  t o  l e a d  t o  a  f u r t h e r  d i s p l a c e m e n t  e v e n t  w h e n  i t  
s u b s e q u e n t l y  c o l l i d e s  w i t h  a n o t h e r  l a t t i c e  a t o m  w h i c h  i n  t u r n  m a y  g o  o n  t o  p r o m o t e  
f u r t h e r  d i s p l a c e m e n t .  T h i s  r e s u l t s  i n  a  c a s c a d e  o f  m o v i n g  d i s p l a c e d  a t o m s  w h i c h  
s u b s i d e s  a s  t h e  e n e r g i e s  i n v o l v e d  i n  s u c c e s s i v e  c o l l i s i o n s  d i m i n i s h  a n d  f u r t h e r  d i s ­
p l a c e m e n t  b e c o m e s  i m p o s s i b l e .  T h e r e f o r e  i t  i s  n e c e s s a r y  t h a t  a  s u i t a b l e  h e a t  t r e a t m e n t  
( a n n e a l i n g )  i s  u s e d  t o  r e s t o r e  t o  t h e  l a t t i c e  i t s  c r y s t a l  q u a l i t y .  B e f o r e  a n n e a l i n g  t h e  
s a m p l e s  h a v e  t o  b e  s e a l e d  w i t h  s u i t a b l e  e n c a p s u l a n t s .
2 . 3 . 1  E n c a p s u l a t i o n  l a y e r s
E f f e c t i v e  e n c a p s u l a t i o n  d u r i n g  a n n e a l i n g  i s  r e q u i r e d  t o  s t o p  s u r f a c e  d e c o m p o s i t i o n  
a n d  s u b s e q u e n t  a r s e n i c  d i s s o c i a t i o n .  W o r k  h a s  b e e n  c a r r i e d  o u t  o n  a n n e a l i n g  t h e  G a A s  
s a m p l e  w i t h o u t  e n c a p s u l a n t  [ 2 . 1 0 ]  b u t  t h i s  i s  l i m i t e d  o n l y  t o  l o w  t e m p e r a t u r e  a n n e a l i n g
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f o r  t h e  l o w  d o s e  i m p l a n t .  E a r l i e r  w o r k  o n  e n c a p s u l a n t s  [ 2 . 1 1 ]  s h o w e d  t h a t  S i 3N 4 i s  
s u p e r i o r  t o  o t h e r  e n c a p s u l a n t s  l i k e  S i 0 2. T h e  p y r o l y t i c  S i 3N 4 e n c a p s u l a t i o n  t e c h n i q u e  i s  
u s e d  a s  i t  i s  p r o v e n  t o  b e  a  s u c c e s s f u l  [ 2 . 5 ,  2 . 1 2 ,  2 . 1 3 ]  m e t h o d  o f  m a k i n g  g o o d  
e n c a p s u l a n t s  t o  d o p e d  G a A s .  E n c a p s u l a n t s  u s e d  i n  t h i s  w o r k  a l s o  p r o t e c t  a g a i n s t  t h e  o u t  
d i f f u s i o n  o f  b o t h  A s  a n d  A l  d u r i n g  t h e  a n n e a l i n g  s t a g e .  I f  t h e  e n c a p s u l a n t  u s e d  i s  t o o  
t h i c k  o r  t o o  h i g h l y  s t r e s s e d  i t  c a n  r e s u l t  i n  c r a c k i n g  o f  t h e  c a p  d u r i n g  a n n e a l i n g  a n d  i f  t h e  
e n c a p s u l a n t  i s  t o o  t h i n  i t  c a n  h a v e  i n s u f f i c i e n t  a d h e s i o n  t o  G a A s  a n d  i t  w i l l  t e n d  t o  d e t a c h  
f r o m  t h e  G a A s  d u r i n g  a n n e a l i n g ,  p e r m i t t i n g  d e c o m p o s i t i o n  a n d  c a u s i n g  t h e  f o r m a t i o n  o f  
e t c h  p i t s  [ 2 . 1 4 ] .  I n  o r d e r  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  o u t  d i f f u s i o n  [ 2 . 1 5 ]  d u r i n g  
a n n e a l i n g ,  S i 3N 4 w a s  f i r s t  d e p o s i t e d  a n d  o n  t o p  o f  t h i s  a  f u r t h e r  l a y e r  o f  A I N  w a s  t h e n  
d e p o s i t e d .  O k a m u r a  [ 2 . 1 6 ]  s u g g e s t e d  t h e  u s e  o f  A I N  c a p s ,  w h i c h  a r e  k n o w n  t o  b e  h i g h l y  
t e m p e r a t u r e  s t a b l e  [ 2 . 2 6 ]  i n  o r d e r  t o  i m p r o v e  t h e  e n c a p s u l a n t s  c a p a b i l i t y  o f  w i t h s t a n d i n g  
a  h i g h  a n n e a l i n g  t e m p e r a t u r e .  S i l i c o n  n i t r i d e  e n c a p s u l a n t s  h a v e  s e v e r a l  o t h e r  a d v a n t a g e s  
b e s i d e s  t h e  f e w  m e n t i o n e d  a b o v e .  F o r  e x a m p l e ,  s t o i c h i o m e t r i c  s i l i c o n  n i t r i d e  (  S i 3N 4 )  i s  
u s e d  f o r  e n c a p s u l a t i n g  G a A s  s a m p l e s  b e c a u s e  i t  s e r v e s  a s  a n  e x t r e m e l y  g o o d  b a r r i e r  
a g a i n s t  c o n t a m i n a t i o n  a n d  o u t  d i f f u s i o n  o f  a r s e n i c ,  o x i d i z e s  v e r y  s l o w l y  a n d  p r e v e n t s  t h e  
u n d e r l y i n g  G a A s  f r o m  o x i d i z i n g .  A  f i l m  o f  6 0 0 A  o f  s i l i c o n  n i t r i d e  w a s  p y r o l y t i c a l l y  
d e p o s i t e d  b y  r e a c t i n g  s i l a n e  a n d  a m m o n i a  a t  a t m o s p h e r i c  p r e s s u r e  a t  a  t e m p e r a t u r e  o f  
6 3 5 ° C  a c c o r d i n g  t o  t h e  f o l l o w i n g  c h e m i c a l  r e a c t i o n  :
3 S i H 4 +  4 N H 3 -------------------------- > S q N 4 +  1 2 H 2 2 . 1 0
A I N  i s  a  s t a b l e  d i e l e c t r i c  f i l m  a n d  h a s  a  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  c l o s e  t o  t h a t  
o f  G a A s  ( 6 . 9  x  1 0 * /  ° C  f o r  G a A s  a n d  6 . 6  x  1 0 * /  ° C  f o r  A I N )  [ 2 . 1 7 ]  a n d  i f  d e p o s i t e d  
d i r e c t l y  o n  t o p  o f  G a A s  i t  i s  d i f f i c u l t  t o  r e m o v e  a f t e r  h i g h  t e m p e r a t u r e  t r e a t m e n t .  F o r
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t h i s  r e a s o n  t h e  s i l i c o n  n i t r i d e  i s  d e p o s i t e d  f i r s t  o n  t h e  G a A s  t h e n  f o l l o w e d  b y  A I N  l a y e r  o f  
5 0 0 A ,  t h i s  l a y e r  w a s  d e p o s i t e d  b y  e v a p o r a t i n g  p u r e  A l  i n s i d e  a  d e p o s i t i o n  c h a m b e r  i n  a n  
a m m o n i a  a t m o s p h e r e  i . e .  r e a c t i v e  e v a p o r a t i o n  [ 2 . 6 ] .
2 . 3 . 2  R a p i d  T h e r m a l  A n n e a l i n g
B e c a u s e  o f  t h e  d a m a g e  a n d  t h e  d i s o r d e r  c l u s t e r s  t h a t  r e s u l t  f r o m  i o n  i m p l a n t a t i o n ,  
s e m i c o n d u c t o r  p r o p e r t i e s  a r e  s e v e r e l y  d e g r a d e d .  I n  a d d i t i o n ,  m o s t  o f  t h e  i o n s ,  a s  
i m p l a n t e d ,  a r e  n o t  l o c a t e d  o n  s u b s t i t u t i o n a l  s i t e s .  T o  " a c t i v a t e "  t h e  i m p l a n t e d  i o n s  a n d  t o  
r e s t o r e  t h e  m a t e r i a l  p r o p e r t i e s  t h e  s e m i c o n d u c t o r  h a s  t o  b e  a n n e a l e d  a t  a n  a p p r o p r i a t e  
c o m b i n a t i o n  o f  t i m e  a n d  t e m p e r a t u r e  [ 2 . 2 0 ] .  T h e  t h e r m a l  p r o c e s s i n g  o f  G a A s  a n d  o t h e r  
c o m p o u n d  s e m i c o n d u c t o r s  i s  a c c o m p a n i e d  b y  c o n s i d e r a b l e  c o m p l i c a t i o n  i n  c o m p a r i s o n  
w i t h  s i l i c o n  p r o c e s s i n g .  S o m e  o f  t h e  d i f f i c u l t i e s  e x p e r i e n c e d  a r e  s u r f a c e  d i s s o c i a t i o n  a n d  
t h e  a s s o c i a t e d  a r s e n i c  l o s s  a t  t e m p e r a t u r e s  a b o v e  5 0 0  ° C .  F o r  r a p i d  t h e r m a l  a n n e a l i n g  
( R T A )  i n  t h e  t i m e  r e g i m e  o f  1 - 3 0  s e c o n d s  i s o t h e r m a l  h e a t i n g  o f  t h e  e n t i r e  s a m p l e  i s  
o b t a i n e d .  T e m p e r a t u r e s  b e t w e e n  6 5 0 - 1 0 0 0 ° C  m u s t  b e  e m p l o y e d  t o  i n d u c e  s i g n i f i c a n t  
s u r f a c e  m o d i f i c a t i o n  i n  t i m e s  l e s s  t h a n  3 0  s e c .  T h i s  c a n  b e  a c h i e v e d  u s i n g  a  s t r i p  h e a t e r  
[ 2 . 1 8 , 2 . 1 9 ,  2 . 7 ] .  F i g u r e  2 . 4  s h o w s  a n  R T A  s y s t e m  a n d  t h e  t e m p e r a t u r e - t i m e  c y c l e .
T h e  R T A  m e t h o d  i s  u s e d  i n  t h i s  p r o j e c t  w o r k  t o  s y n t h e s i s e  t h e  b u r i e d  ( G a , A l ) A s  
l a y e r .  T h e  c a p p e d  s a m p l e s  a r e  p l a c e d  b e t w e e n  t h e  t w o  g r a p h i t e  h e a t e r s  a n d  t h e  s y s t e m  i s  
a d j u s t e d  s o  t h a t  t h e  r e q u i r e d  t e m p e r a t u r e  c a n  b e  a c h i e v e d  w h i l e  t a k i n g  c o n s i d e r a t i o n  o f  
t h e  r i s e  t i m e .  T h e  a n n e a l i n g  t e m p e r a t u r e  u s e d  v a r i e s  b e t w e e n  6 5 0 ° C  a n d  1 0 0 0 ° C  f o r  
2 0 - 2 5  s e c o n d s  t i m e  r a n g e  p l u s  a p p r o x i m a t e l y  5  s e c o n d s  a v e r a g e  r i s e  t i m e .
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Graphite
strips
(a)
F i g .  2 . 4  ( a )  A  t y p i c a l  R T A  d o u b l e  g r a p h i t e  s t r i p  h e a t e r ,
( b )  T e m p e r a t u r e - t i m e  c y c l e .
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2 . 4  R u t h e r f o r d  B a c k s c a t t e r i n g  S p e c t r o s c o p y  ( R B S )
2 . 4 . 1  T h e  R B S  e x p e r i m e n t a l  s e t  u p
T h e  i m p l a n t e d  G a A s  s a m p l e  t o  b e  a n a l y s e d  i s  m o u n t e d  o n  a  s a m p l e  p l a t e  a n d  
p l a c e d  i n  a  g o n i o m e t e r  i n  a  t a r g e t  c h a m b e r  ( p u m p e d  d o w n  t o  ~ 1 0 * «  t o r r ) .  T h e  t a r g e t  i s  
t h e n  i r r a d i a t e d  w i t h  m o n o e n e r g e t i c  H e + i o n s  p r o d u c e d  i n  a  V a n  d e  G ra a ff  a c c e l e r a t o r  a n d  
a c c e l e r a t e d  t o  1 . 5  M e V .  A  s m a l l  p r o p o r t i o n  o f  t h e  i o n s  w i l l  b e  e l a s t i c a l l y  b a c k s c a t t e r e d  
a n d  i t  i s  t h e s e  p a r t i c l e s  w h i c h  m a k e s  p o s s i b l e  t h e  s u r f a c e  a n a l y s i s .  O n l y  t h e  i o n s  
s c a t t e r e d  t h r o u g h  t h e  a n g l e  0 j  a n d  w i t h i n  a  s o l i d  a n g l e  d O  w i l l  b e  d e t e c t e d  b y  t h e  s u r f a c e  
b a r r i e r  d e t e c t o r .  T h i s  d e t e c t o r  a n d  t h e  p u l s e  s h a p i n g  t o g e t h e r  w i t h  d a t a  p r o c e s s i n g  
e l e c t r o n i c s  a c t s  a s  t h e  s p e c t r o m e t e r  a n d  e n a b l e s  t h e  e n e r g y  s p e c t r u m  o f  t h e  b a c k s c a t t e r e d  
H e + t o  b e  d i s p l a y e d .  T h e  c o m p o n e n t s  o f  t h e  a c c e l e r a t o r  a r e :  H e + i o n  s o u r c e ,  a c c e l e r a t i n g  
v o l t a g e ,  v a c u u m  s y s t e m ,  e v a c u a t e d  a c c e l e r a t i n g  p a t h  a n d  b e a m  c o n t r o l  s y s t e m .  T h i s  i s  
s h o w n  i n  f i g u r e  2 . 5 .  P o s i t i v e  H e  i o n s  a r e  e x p e l l e d  t h r o u g h  t h e  e x i t  h o l e  i n t o  t h e  
a c c e l e r a t i n g  p a t h s  b y  a  p o t e n t i a l  a p p l i e d  t o  t h e  a n o d e  o f  t h e  s o u r c e .  A  b e l t  c h a r g i n g  
s y s t e m  p r o d u c e s  a  v o l t a g e  o n  t h e  t e r m i n a l  s h e l l  ( t h e  r o t a t i n g  b e l t  w h i c h  c o n v e y s  c h a r g e s  
b e t w e e n  t h e  g r o u n d  p o t e n t i a l  a n d  t h e  t e r m i n a l ) .  A  v o l t a g e  g r a d i e n t  i s  p r o v i d e d  a l o n g  
t h e  a c c e l e r a t i n g  t u b e  b y  m e a n s  o f  a  p r e c i s i o n  r e s i s t o r .  T h i s  a c c e l e r a t i n g  t u b e  s h o u l d  b e  
h i g h l y  e v a c u a t e d  t o  a v o i d  c o l l i s i o n  b e t w e e n  H e + i o n s  a n d  a n y  o t h e r  g a s e s  i n s i d e  t h i s  t u b e .  
C o r o n a  p o i n t s  a r e  u s e d  t o  s t a b i l i z e  t h e  t e r m i n a l  v o l t a g e .  T h e  H e  i o n  b e a m  p r o d u c e d  t h i s  
w a y  n e e d s  t o  b e  s t a b  i l i s e d  t o  c o r r e c t  t h e  f l u c t u a t i o n s  i n  t h e  t e r m i n a l  v o l t a g e .
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T h e r e  a r e  t w o  m e t h o d s  o f  p r o v i d i n g  t h e  f e e d b a c k  l o o p :  t h e  f i r s t  i s  t o  u s e  a  
g e n e r a t i n g  v o l t m e t e r  a n d  t h e  s e c o n d  i n v o l v e s  t h e  u s e  o f  c u r r e n t  s e n s i n g  e l e m e n t s  p l a c e d  
i n  t h e  b e a m  l i n e  a f t e r  t h e  a n a l y s i n g  m a g n e t .  T h e  n e x t  s t a g e  o f  t h e  R B S  s y s t e m  i n v o l v e s  
t h e  u s e  o f  a  m a g n e t  t o  m a s s  a n a l y s e  t h e  b e a m .  T h e  m a s s  a n a l y s e d  H e *  b e a m  w i l l  p a s s  
t h r o u g h  c o n t r o l  s l i t s  a n d  f i x e d  a p e r t u r e s  s o  t h a t  i t  c a n  b e  c o l l i m a t e d  b e f o r e  r e a c h i n g  t h e  
a n a l y s i n g  c h a m b e r .  T h e  b e a m  t h e n  e n t e r s  t h e  a n a l y s i n g  c h a m b e r  a n d  i m p i n g e s  o n  t h e  
s a m p l e  t o  b e  a n a l y s e d .  T h e  s a m p l e  p l a t e  i s  p l a c e d  o n  a  g o n i o m e t e r  w h i c h  c a n  b e  r o t a t e d  
i n  t h r e e  d i r e c t i o n s .
2 . 4 . 2  T h e  p r i n c i p l e s  o f  R B S
S e v e r a l  e x c e l l e n t  p u b l i c a t i o n s  [ 2 . 2 1 ,  2 . 2 2 ,  2 . 2 3 ]  h a v e  b e e n  w r i t t e n  c o n c e r n i n g  t h e  
R B S  t e c h n i q u e .  T h e  p r i n c i p l e s  b e h i n d  t h e  t e c h n i q u e  a r e  f o u r  b a s i c  p h y s i c a l  c o n c e p t s ;  
e a c h  c o r r e s p o n d s  t o  a  s p e c i f i e d  p h y s i c a l  p h e n o m e n o n  a n d  i s  t h e  o r i g i n  o f  a  p a r t i c u l a r  
c a p a b i l i t y  o r  l i m i t a t i o n  o f  b a c k s c a t t e r i n g  s p e c t r o m e t r y .  T h e y  a r e  :
( i )  T h e  k i n e m a t i c  f a c t o r  ( K ) .  T h i s  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  p r o j e c t i l e  e n e r g y  a f t e r  
c o l l i s i o n  ( E f)  t o  t h a t  b e f o r e  i t  ( E J
E f 
K = - f  =
M l  c o s  e  +  (Ml-  M l  s i f f e )  
Mi +M-,
1/2 "I2
2.11
W h e r e  M , ,  M 2 a r e  t h e  m a s s  o f  t h e  p r o j e c t i l e  a n d  t h e  t a r g e t  r e s p e c t i v e l y ,  a n d  0  i s  t h e  
s c a t t e r i n g  a n g l e .  T h e  a b o v e  e q u a t i o n  i s  d e r i v e d  f r o m  c o n s e r v a t i o n  o f  e n e r g y  a n d  
c o n s e r v a t i o n  o f  m o m e n t u m  p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  i n c i d e n c e .
( i i )  S c a t t e r i n g  c r o s s - s e c t i o n  a n d  t h e  n u m b e r  o f  s c a t t e r i n g  c e n t r e s .  T h i s  i s  t h e
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p r o b a b i l i t y  o f  a  t w o - b o d y  c o l l i s i o n  a n d  t h e  l i k e l i h o o d  t h a t  t h e  b a c k s c a t t e r e d  p a r t i c l e  w i l l  
f a l l  w i t h i n  t h e  s o l i d  a n g l e  Q  o f  t h e  d e t e c t o r .  T h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s - s e c t i o n  a  
i n  a  g i v e n  d i r e c t i o n  i n t o  a  d i f f e r e n t i a l  s o l i d  a n g l e  d Q .  i s  d e f i n e d  i n  t h e  l a b o r a t o r y  
c o o r d i n a t e  f o r  a  t a r g e t  a t o m  a s  ,
[ Z , Z 2e 2f  ,
p =  ( c o s  9 )
2Esi n  6  2 . 1 2
W h e r e  Z , ,  Z 2 a r e  t h e  a t o m i c  n u m b e r  o f  p r o j e c t i l e  a n d  t h e  t a r g e t  a t o m s .  E q u a t i o n  
2 . 1 2  g i v e s  t h e  c a p a b i l i t y  o f  q u a n t i t a t i v e  a n a l y s i s  o f  a t o m i c  c o m p o s i t i o n .
( i i i )  S t o p p i n g  c r o s s  s e c t i o n  (  e  ) .  T h i s  i s  d e f i n e d  a s  t h e  a v e r a g e  e n e r g y  l o s s  p e r  u n i t  
t h i c k n e s s  a t  a  p a r t i c u l a r  p r o j e c t i l e  e n e r g y ,
= J _  d E  2 . 1 3
E ~ N  d Z
w h e r e  N  i s  t h e  v o l u m e  d e n s i t y  a n d  d E / d Z  i s  t h e  i o n  e n e r g y  l o s e s  w i t h  d e p t h .  F o r  a l l o y s  
s u c h  a s  A l G a A s  B r a g g ’ s  r u l e  o f  l i n e a r  a d d i t i v i t y  i s  u s u a l l y  a p p l i e d  t o  o b t a i n  v a l u e s  f o r  e ,
J°°l-W)=xe*, + (l_x)eG« + eA, Z U
T h e  e l e m e n t a l  v a l u e s  o f  e  a r e  t a b u l a t e d  f o r  d i f f e r e n t  i n c i d e n t  b e a m  e n e r g i e s  [ 2 . 2 4 ] .  
T w o  t y p e s  o f  b a c k s c a t t e r i n g  e v e n t s  a r e  s h o w n  s c h e m a t i c a l l y  i n  f i g u r e  2 . 6 ,  o n e  a t  t h e  
s u r f a c e  a n d  o n e  a f t e r  t h e  i n c i d e n t  p a r t i c l e  h a s  p e n e t r a t e d  t o  a  d e p t h ,  d ,  i n  t h e  t a r g e t .
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I N C I D E N T  B E A M
F i g .  2 . 6  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  e n e r g y  s p r e a d  o f  t h e  H e  
p a r t i c l e s  a t  t h e  f r o n t  a n d  b a c k  o f  a  s l i c e  o f  t h i c k n e s s ,  d ,  a n d  
r e s u l t i n g  d e f i n i t i o n  o f  t h e  e n e r g y  l o s s  f a c t o r  [ S ] .
W e  m a y  d e f i n e  a  b a c k s c a t t e r i n g  e n e r g y  l o s s  f a c t o r  [ S ]  s u c h  t h a t ,
A E  =  [ S ] d  2 . 1 5
T h i s  e q u a t i o n  g i v e s  t h e  c a p a b i l i t y  o f  d e p t h  r e s o l u t i o n  ( i . e . .  c o n v e r t i n g  t h e  c h a n n e l  
n u m b e r s  i n t o  t h i c k n e s s )  a n d  t h e  S  c a n  b e  e v a l u a t e d  f o r  t h e  s u r f a c e  a p p r o x i m a t i o n  a s  
b e l o w ,
£p0 £,y?0 2.16
S = K - A - + -
C O S 0 !  c o s  0 2
( i v )  E n e r g y  s t r a g g l i n g .  T h e  H e  i o n s  m o v i n g  t h r o u g h  a  m e d i u m  l o s e  e n e r g y  v i a  m a n y  
i n d i v i d u a l  c o l l i s i o n s .  H o w e v e r ,  i d e n t i c a l  e n e r g e t i c  p a r t i c l e s  w i t h  t h e  s a m e  i n i t i a l  e n e r g y ,  
d o  n o t  h a v e  e x a c t l y  t h e  s a m e  e n e r g y  a f t e r  p a s s i n g  t h r o u g h  a  t h i c k n e s s ,  d .  T h e  e n e r g y  
l o s s ,  A E ,  i s  t h e n  s u b j e c t  t o  f l u c t u a t i o n s .  E n e r g y  s t r a g g l i n g  i s  t h e  p h e n o m e n o n  w h i c h  
d e t e r m i n e s  t h e  p r e c i s i o n  w i t h  w h i c h  e n e r g y  l o s s e s ,  a n d  d e p t h  c a n  b e  r e s o l v e d  b y  R B S .  
S e v e r a l  t h e o r i e s  h a v e  b e e n  a d v a n c e d  t o  d e s c r i b e  t h i s  s t r a g g l i n g .  T h e  s i m p l e s t  i s  d u e  t o
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B o h r  [ 2 . 5 0 ] ,  w h o  s t a t e s  t h a t  w h e n  a n  i o n  b e a m  w i t h  a t o m i c  n u m b e r ,  Z , ,  i m p i n g e s  o n  a  
t a r g e t  w i t h  a t o m i c  n u m b e r ,  Z 2, a n d  v o l u m e  d e n s i t y ,  N ,  t h e  s t a n d a r d  d e v i a t i o n ,  D 2,  o f  t h e  
e n e r g y  b r o a d e n i n g  m a y  b e  o b t a i n e d  f r o m
V a l u e s  o f  D 2/ N d  a r e  t a b u l a t e d  f o r  h e l i u m  i o n  b o m b a r d m e n t  o f  a l l  t h e  e l e m e n t s  [ 2 . 2 5 ] .
2 . 4 . 3  C a l c u l a t i o n  o f  R B S  s p e c t r u m
S o m e  o f  t h e  p h y s i c a l  c o n c e p t s  o f  R B S ,  m e n t i o n e d  i n  s e c t i o n  2 . 4 . 2 ,  w i l l  b e  u s e d  i n  
t h i s  s e c t i o n  t o  s h o w  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  h e i g h t  o f  t h e  b a c k s c a t t e r i n g  s p e c t r u m  
a n d  t h e  a t o m i c  c o n c e n t r a t i o n .  T h e  h e i g h t  o f  t h e  s p e c t r u m ,  H ,  i s  w e l l  d e f i n e d  a n d  c a n  b e  
w r i t t e n  a s ;
I t  i s  e x p e r i m e n t a l l y  d e t e r m i n e d  [ 2 . 2 6 ]  t h a t  t h e  b a c k s c a t t e r i n g  y i e l d  f r o m  G a A s  i s  i d e n t i c a l  
t o  t h a t  o f  G e ,  s o  G e  s t o p p i n g  c r o s s - s e c t i o n  d a t a  [ 2 . 2 1 ]  c o m b i n e d  w i t h  t h e  A l  s t o p p i n g  
c r o s s - s e c t i o n  a r e  u s e d .  T y p i c a l  v a l u e s ,  f o r  1 . 5  M e V  H e  i o n  b e a m ,  a r e  1 4 9 . 5  x l O 15 e V  c m 2 
f o r  G e  a n d  9 4 . 2  x l O 15 e V  c m 2 f o r  A l .  T h e  y i e l d  f r o m  t h e  c o m p o u n d  t a r g e t  A l G e  ( w h i c h  
i t  i s  G a ^ A ^ A s )  i s ,
D 2 =  4 K [ Z i e 2] 2N Z 2d
2 . 1 7
T I  =  o Q Q N A Z 2 . 1 8
2 . 1 9
2.20
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b y  m e a s u r i n g  t h e  r a t i o  o f  t h e  t w o  h e i g h t s  a n d  H ^ ,  t h e  c o m p o s i t i o n  v a l u e  ( x )  c a n  b e  
o b t a i n e d  w i t h o u t  t h e  n e e d  o f  a ,  Q ,  Q ,  0 ,  s i n c e ,
H p e  __ ( 2 - x )  
H a i ~  ( x )
[ S ] %
[ S ] %
G^e
Z AI
12
2.21
I f  N t i s  t h e  n u m b e r  o f  t h e  a t o m s  p e r  s q u a r e  c e n t i m e t e r ,  t h e  a r e a  ( A )  u n d e r  t h e  p e a k  o f  
f i g u r e  2 . 7  i s  p r o p o r t i o n a l  t o  H R t h e  h e i g h t  o f  t h e  r a n d o m  s p e c t r u m  i n  t h e  s u r f a c e  e n e r g y  
a p p r o x i m a t i o n
A  A E  2 . 2 2
H  FH r
CHANNEL NUMBER
F i g .  2 . 7  S p e c t r a  o f  1 . 5  M e V  H e  i o n s  b a c k s c a t t e r e d  f r o m  a  G a A s  
c r y s t a l .  ( 1 )  R a n d o m  s p e c t r u m  o f  t h e  o r i g i n a l  c r y s t a l .  ( 2 )  
A x i a l  s p e c t r u m  w i t h  t h e  a r e a  ( A )  r e p r e s e n t i n g  t h e  i m p l a n t a t ­
i o n  d a m a g e .  ( 3 )  O r i g i n a l  c r y s t a l .
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2.4.4 Defects characterisation
I n  t h e  c a s e  o f  a  c r y s t a l l i n e  t a r g e t  t h e  i n c i d e n t  i o n  b e a m  c a n  b e  a l i g n e d  t o  t h e  
c r y s t a l l o g r a p h i c  a x i s  s o  t h a t  c h a n n e l l i n g  o c c u r s .  T h i s  r e s u l t s  i n  a  m a r k e d  a t t e n u a t i o n  i n  
t h e  b a c k s c a t t e r i n g  y i e l d .  F o r  a  c h a n n e l l e d  b e a m  l a r g e  a n g l e  s c a t t e r i n g  i s  m a i n l y  d u e  t o  
i n t e r a c t i o n  w i t h  r o w  a t o m s  n o t  s i t t i n g  o n  n o r m a l  l a t t i c e  s i t e s .  G r a d u a l  d e c h a n n e l l i n g  o f  
t h e  H e  b e a m  o c c u r s  d u e  t o  i n t e r a c t i o n s  w i t h  t h e  l a t t i c e  a t o m s  a s  i t  g o e s  d e e p e r  i n s i d e  t h e  
c r y s t a l .  T h e r e f o r e  t h e  r a t i o  b e t w e e n  t h e  a l i g n e d  s p e c t r u m  t o  t h e  r a n d o m  s p e c t r u m  c a n  
y i e l d  i n f o r m a t i o n  a b o u t  t h e  d e n s i t y  o f  t h e  c r y s t a l l i n e  d a m a g e .  T h e  c r y s t a l l i n e  d a m a g e  
c a n  b e  d e f i n e d  i n  t w o  d i f f e r e n t  w a y s :
( i )  t h e  a m o u n t  o f  i o n  i m p l a n t a t i o n  d a m a g e  c a n  b e  d e f i n e d  a s  t h e  a r e a  u n d e r  t h e  d a m a g e d  
p e a k  i n  t h e  a l i g n e d  s p e c t r u m .  T h i s  i s  c a l c u l a t e d  u s i n g  a  t h i c k  t a r g e t  c a l c u l a t i o n  m e t h o d  
[ 2 . 2 6 ] ,
( i i )  t h e  d a m a g e  c a n  b e  d e f i n e d  b y  t h e  T h i s  i s  t h e  r a t i o  o f  t h e  h e i g h t  o f  t h e  a l i g n e d  
s p e c t r u m  t a k e n  i n  t h e  n e a r - s u r f a c e  r e g i o n  t o  t h a t  o f  t h e  r a n d o m  ( H A/ H R) ,  s e e  f i g u r e  2 . 7 .
2 . 5  S e c o n d a r y  I o n  M a s s  S p e c t r o s c o p y  ( S I M S )
T h e  a t o m i c  d i s t r i b u t i o n s  b e f o r e  a n d  a f t e r  a n n e a l i n g  w e r e  m e a s u r e d  b y  S I M S  u s i n g  a  
C A M E C A  I M S - 3 F  m a c h i n e  w i t h  a  1 0 - 1 5  k e V  p r i m a r y  0 2 i o n  b e a m  a n d  p o s i t i v e  
s e c o n d a r y  i o n  d e t e c t i o n  i n  o r d e r  t o  o p t i m i s e  t h e  s e n s i t i v i t y  t o  A l .  T h e  c o n c e n t r a t i o n  o f  
t h e  i o n  y i e l d  h a s  b e e n  c a l i b r a t e d  a g a i n s t  t h a t  o f  a n  i m p l a n t e d  s t a n d a r d  s p e c i m e n .
43
2.5.1 Element Identification
T h e  c o n c e p t  o f  S I M S  i s  t h a t  t h e  s u r f a c e  o f  t h e  s a m p l e  i s  s p u t t e r e d .  T h e  s p u t t e r e d  
i o n s  a r e  e x t r a c t e d  a n d  m a s s  a n a l y s e d .  T h e  r e l a t i v e  a b u n d a n c e  o f  t h e  s p u t t e r e d  s p e c i e s  
p r o v i d e s  a  m e a s u r e  o f  t h e  c o m p o s i t i o n  o f  t h e  l a y e r  t h a t  h a s  b e e n  r e m o v e d .  T h e  i o n  
s o u r c e  i s  f o c u s e d  a n d  s c a n n e d  t o  c o n t r o l  t h e  c r a t e r  s h a p e  a n d  a l l o w  e l e c t r o n i c  g e t i n g  o f  
t h e  c r a t e r  e d g e .  B o t h  a  q u a d r u p o l e  a n d  a  d o u b l e  f o c u s i n g  s p e c t r o m e t e r  a r e  u s e d  a s  t h e  
m a s s  a n a l y s e r  ( s e e  f i g u r e  2 . 8 ) .  T h e  c h a r a c t e r i s t i c s  o f  t h e  c o l l i s i o n  c a s c a d e  a r e  c o n t r o l l e d  
b y  m a n y  p a r a m e t e r s ,  p r i n c i p a l l y ,  b y  t h e  e n e r g y  a n d  t h e  m a s s  o f  t h e  p r i m a i y  i o n  a n d  
a t o m s  o f  t h e  t a r g e t  [ 2 . 3 7 ,  2 . 3 8 ] .  T h e  i n t e r a c t i o n  o f  ( p r i m a r y )  p r o j e c t i l e  i o n s  w i t h  t h e  
t a r g e t  h o s t  i s  o f  i m p o r t a n c e  a s  i t  g i v e s  r i s e  t o  b o t h  r e m o v a l  a n d  i o n i z a t i o n  o f  t h e  s a m p l e  
a t o m s .  B y  m o n i t o r i n g  t h e  i n t e n s i t y  o f  o n e  o r  m o r e  m a s s  p e a k s  a s  a  f u n c t i o n  o f  
b o m b a r d m e n t  t i m e ,  a n  i n - d e p t h  c o n c e n t r a t i o n  p r o f i l e  i s  o b t a i n e d .  T h e  p r o j e c t e d  S I M S  
d e t e c t i o n  s e n s i t i v i t y  a p p r o a c h e s  l p p b  f o r  m a n y  e l e m e n t s .  T h i s  s e n s i t i v i t y  d e p e n d s  o n  
t h e  m a s s  a n a l y z e r  r e s o l u t i o n .
ion source
M A S S  S P E C T R O M E T E R
E X T R A C T I O N  E L E C T R O D E
target*
F i g .  2 . 8  S c h e m a t i c  o f  a  S I M S  i n s t r u m e n t .
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T o  o b t a i n  a  q u a n t i t a t i v e  d e p t h  p r o f i l e  t h e  r a w  i n t e n s i t y  v e r s u s  t i m e  d a t a  m u s t  b e  
c o n v e r t e d  i n t o  c o n c e n t r a t i o n  v e r s u s  d e p t h ,  i . e .  t h e  c o n c e n t r a t i o n  v a l u e s  a r e  d e t e r m i n e d  
f o r  e a c h  e r o d e d  s t e p  i n t e r v a l .  T o  c o n v e r t  t h e  x - a x i s  o f  f i g u r e  2 . 9 ( a )  t o  a  d e p t h  s c a l e ,  
f i g u r e  2 . 9 ( b ) ,  t h e  t a r g e t  e r o s i o n  r a t e  i s  s i m p l y  o b t a i n e d  b y  m e a s u r i n g  w i t h  a  s u r f a c e
v
p r o f i l o m e t e r .  T h e  t o t a l  e r o d e d  d e p t h  ( Z )  o f  t h e  c r a t e r  f o r m e d  a f t e r  a n  e r o s i o n  t i m e  ( t )
\
w i t h  a  s a m p l e  o f  c o n s t a n t  m a t r i x  c o m p o s i t i o n ,  t h e  r a t e  i s  t h e  g i v e n  b y  ( Z / t ) .  T h i s  
r e l a t i o n s h i p  i s  v a l i d  f o r  e r o d e d  d e p t h s  g r e a t e r  t h a n  a b o u t  l O n m  f r o m  t h e  s a m p l e  s u r f a c e ,  
b e c a u s e  d u r i n g  s p u t t e r i n g  t h e  t a r g e t  a t o m s  a r e  i n t e r m i x e d  w i t h i n  a  r e g i o n  c o r r e s p o n d i n g  
t o  t h e  p e n e t r a t i o n  d e p t h  o f  t h e  p r o j e c t i l e  i o n ,  t h i s  p r o c e s s  l i m i t s  t h e  b e s t  a t t a i n a b l e  d e p t h  
r e s o l u t i o n  t o  a b o u t  1 0  n m  o n  g e n e r a l .  T o  c o n v e r t  t h e  r a w  i n t e n s i t y  c o u n t s  o f  f i g u r e  
2 . 9 ( a )  t o  a t o m i c  c o n c e n t r a t i o n  f o r  o u r  m e a s u r e m e n t s ,  s e e  f i g u r e  2 . 9 ( b ) ,  a  G a A s  s a m p l e  
i m p l a n t e d  w i t h  a  l o w  d o s e  o f  a l u m i n i u m  i s  u s e d  a s  a  s t a n d a r d .  S e c o n d a r y  i o n  s i g n a l s  
w e r e  r e c o r d e d  f r o m  b o t h  t h e  i m p l a n t e d  i m p u r i t y  a n d  t h e  m a t r i x .  T o  o p t i m i s e  t h e  
a n a l y t i c a l  a c c u r a c y  i t  i s  p r e f e r a b l e  t o  c a r r y  o u t  t h e  c a l i b r a t i o n  p r o c e d u r e  j u s t  b e f o r e  o r  
j u s t  a f t e r  t h e  a n a l y s i s  o f  t h e  u n k n o w n  s a m p l e .  F r o m  t h e  c a l i b r a t i o n  s t a n d a r d ,  t h e  t o t a l  
n u m b e r  o f  t h e  i m p u r i t y  a t o m s  w a s  o b t a i n e d  f r o m  t h e  k n o w n  i m p l a n t e d  d o s e  a n d  a  
r e l a t i v e  s e n s i t i v i t y  f a c t o r  ( R S F ) ,  f o r  t h e  A l  t o  A s  f l u x  i n  A l  d o s e d  G a A s ,  a l l o w i n g  t h e  
a t o m i c  c o n c e n t r a t i o n  o f  t h e  a l u m i n i u m  t o  b e  o b t a i n e d  i n  o t h e r  s a m p l e s  o f  t h e  s a m e  
c o m p o u n d  f r o m  t h e  e x p r e s s i o n .
h i  2 *2 3
N A l = R S F ~
I  As
W h e r e  i s  t h e  a l u m i n i u m  c o n c e n t r a t i o n  a n d  1 ^  a n d  a r e  t h e  a l u m i n i u m  a n d  t h e  
A s  c o u n t s  r e s p e c t i v e l y  i n  a  G a A s  m a t r i x .  A n  a c c u r a c y  o f  a b o u t  ± 1 5 %  c o u l d  b e  a c h i e v e d
2.5.2 Depth Profile
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i n  t h e  c a l c u l a t i o n  o f  t h e  a t o m i c  c o n c e n t r a t i o n .  T o  m e a s u r e  t h e  d i s t r i b u t i o n  a c r o s s  a  
G a A s / A l G A s  i n t e r f a c e  t h e  a n a l y s i s  b e c o m e s  m o r e  c o m p l i c a t e d  a s  b o t h  t h e  u s e f u l  i o n  
y i e l d  a n d  t h e  s p u t t e r  r a t e  a r e  c h a n g i n g .  S e v e r a l  s t u d i e s  h a v e  b e e n  m a d e  o n  t h e  
G a A s / A l G a A s  s y s t e m  t o  o b t a i n  a  s t e a d y  s p u t t e r i n g  y i e l d  [ 2 . 2 9 ,  2 . 3 0 ,  2 . 3 1 ]  b u t  i n  t h e  
m a i n  m o s t  S I M S  p r o f i l e s  s t i l l  s h o w  r a w  d a t a  w i t h  t h e i r  c o r r e s p o n d i n g  s y s t e m a t i c  b i a s e s .  
H o w e v e r  o n e  s h o u l d  a l w a y s  c o n s i d e r  t h e  u s e  o f  o t h e r  m o r e  q u a n t i t a t i v e  t e c h n i q u e s  s u c h  
a s  R u t h e r f o r d  B a c k s c a t t e r i n g  a n d  X - r a y  m i c r o p r o b e  t o  c o m p l e m e n t  S I M S .
R A W  D A T A  ( T I M E )
CONCENTRATION
D E P T H  ( M I C R O N )
F i g .  2 . 9  S I M S  p r o f i l e  o f  a  G a A s  s a m p l e  i m p l a n t e d  w i t h  a n  A l  d o s e  o f  
l x l O l7/ c m 2 a n d  a n n e a l e d  a t  a  t e m p e r a t u r e  o f  6 5 0 ° C ,  ( a )  
e l e m e n t s  i d e n t i f i c a t i o n ,  ( b )  A l  d e p t h  p r o f i l e .
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2 . 6  S u r f a c e  t o p o g r a p h y  s t u d y  u s i n g  S c a n n i n g  E l e c t r o n  M i c r o s c o p y  ( S E M )
S c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  i s  p o w e r f u l  a n d  v e r s a t i l e  b e c a u s e  i t  h a s  s i x  
m o d e s  o f  o p e r a t i o n  w h i c h  p r o v i d e  i n f o r m a t i o n  a b o u t  m a n y  d i f f e r e n t  g r o u p s  o f  p r o p e r t i e s  
o f  s o l i d  o b j e c t s  a n d  t h e  i n f o r m a t i o n  i s  o b t a i n e d  e s s e n t i a l l y  a s  e l e c t r i c a l  s i g n a l s  s u i t a b l e  
f o r  e l e c t r o n i c  d a t a  p r o c e s s i n g  t o  p r o v i d e  q u a n t i t a t i v e  v a l u e s  o f  m a n y  d i f f e r e n t  p r o p e r t i e s .  
W e  n o w  d i s c u s s  t h e  m o d e s  o f  o p e r a t i o n .
2 . 6 . 1  C r o s s  S e c t i o n  m e t h o d
S E M  e x a m i n a t i o n  o f  t h e  c l e a v e d  e d g e  o f  G a A s  a n d  A l G a A s  s p e c i m e n  c a n  p r o v i d e  
u s e f u l  i n f o r m a t i o n  a b o u t  t h e  b u r i e d  l a y e r .  S E M  c r o s s  s e c t i o n s  o f  e p i t a x i a l y  g r o w n  
A l G a A s  l a y e r  o n  t o p  o f  G a A s  h a v e  b e e n  u s e d  t o  s t u d y  t h e  g r o w t h  l a y e r  i n t e r f a c e  
u n i f o r m i t y ,  s e e  f i g u r e  2 . 1 0 .  T o  o b t a i n  a  d i f f e r e n c e  i n  c o n t r a s t  b e t w e e n  G a A s  a n d  
A l G a A s  l a y e r s  a  s e l e c t i v e  e t c h a n t  i s  u s e d  t o  r e m o v e  b o t h  G a A s  a n d  A l G a A s  f r o m  t h e  
c l e a v e d  e d g e .  T h e  G a A s  r e g i o n  o f  t h e  s a m p l e  w i l l  a p p e a r  d a r k e r  t h a n  t h a t  o f  A l G a A s  
b e c a u s e  t h e  G a A s  e t c h i n g  r a t e  i s  f a s t e r  t h a n  t h a t  o f  A l G a A s  [ 2 . 3 2 ] .  T h e  S E M  s y s t e m  i s  
c o m p o s e d  o f  t w o  m a i n  p a r t s ,  s e e  f i g u r e  2 . 1 1 .  T h e y  a r e :  ( i )  t h e  e l e c t r o n  b e a m  c o l u m n  
w h i c h  p r o d u c e s  a  f o c u s e d  l i n e  o f  e l e c t r o n s  t h a t  i s  r a s t e r e d  o v e r  t h e  s p e c i m e n  s u r f a c e  a n d
( i i )  t h e  e l e c t r o n i c s  a n d  t h e  d i s p l a y  s y s t e m ,  t h e  s y s t e m  d e t e c t s  o n e  o f  t h e  f o r m s  o f  e n e r g y  
e m i t t e d  b y  t h e  s p e c i m e n  u n d e r  e l e c t r o n  b o m b a r d m e n t  a n d  t h e n  d i s p l a y s  i t .  T h e  
m a g n i f i c a t i o n  i s  s i m p l y  w o r k e d  o u t  f r o m  t h e  r a t i o  o f  i m a g e  s i z e  d i s p l a y e d  o n  t h e  s c r e e n  
( L s )  t o  i t s  r e a l  s i z e  o n  t h e  s p e c i m e n  ( L R) .  T h e n  t h e  m a g n i f i c a t i o n  ( M )  i s  t h e n  s i m p l y ,
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Fig.210 SEM photograph of the cleaved mirror face ofa 
AlGaAs heterostructure after being selectively 
etched for 15 min.
ELE C TR O N  B EA M
D I S P L A Y  S Y S T E M
S N F y  D E T E C T O R
S P E C I M E N
c . r . t .
F i g .  2 . 1 1  S c h e m a t i c  d i a g r a m  o f  a n  S E M  s y s t e m .
49
2.6.2 Planar surface
H i g h  m a g n i f i c a t i o n  i m a g e s  c a n  b e  u s e d  t o  e x a m i n e  t h e  s e m i c o n d u c t o r  s u r f a c e  
b e f o r e  a n d  a f t e r  i m p l a n t a t i o n  a n d  c a n  a l s o  b e  u s e d  t o  s t u d y  t h e  e n c a p s u l a n t s  c a p a b i l i t y  t o  
w i t h s t a n d  h i g h  a n n e a l i n g  t e m p e r a t u r e .  B o t h  s e c o n d a r y  a n d  b a c k s c a t t e r e d  m o d e s  o f  
o p e r a t i o n  c a n  b e  u s e d  i n  s u r f a c e  t o p o g r a p h y .
2 . 7  E l e c t r o n  M i c r o p r o b e  A n a l y s i s  ( E M A )
T h i s  s y s t e m  c a n  b e  c o n s i d e r e d  a s  a n o t h e r  m o d e  o f  S E M  o p e r a t i o n  b u t  f o r  c l a r i t y  
a n d  b e c a u s e  o f  i t s  i m p o r t a n c e  i n  o u r  s y n t h e s i s  w o r k  a  s e p a r a t e  s e c t i o n  i s  g i v e n  t o  t h e  u s e  
o f  E l e c t i o n  M i c r o p r o b e  A n a l y s i s .  H i g h  e n e r g y  e l e c t r o n s  i n c i d e n t  o n  a  s o l i d  r e s u l t s  i n  t h e  
e m i s s i o n  o f  a n  x - r a y  s p e c t r a  c o n s i s t i n g  o f  b r o a d  c o n t i n u o u s  b a n d s  o f  x - r a y  o r  
B r e m m s t r a h l u n g  ( w h i c h  a r e  n o t  u s e f u l )  a n d  e m i s s i o n  l i n e s  a r i s i n g  f r o m  t r a n s i t i o n s  
b e t w e e n  i n n e r  s h e l l  e n e r g y  l e v e l s  i n  t h e  a t o m  a t  w a v e l e n g t h s  c h a r a c t e r i s t i c  o f  t h e  
e l e m e n t .  T h e  d e t e c t i o n  a n d  m e a s u r e m e n t  o f  t h e  c h a r a c t e r i s t i c  x - r a y s  f o r  p u r e  a n d  
i m p l a n t e d  G a A s  s a m p l e s  e x c i t e d  b y  e n e r g e t i c  e l e c t r o n s  i s  t h e  b a s i s  o f  o u r  e l e c t r o n  
m i c r o p r o b e  a n a l y s i s .  S c h e m a t i c  w a y  o f  l o o k i n g  a t  t h e  e n e r g y  l e v e l s  i n  G a ,  A s  a n d  A l  
a t o m s  i s  s h o w n  i n  f i g u r e  2 . 1 2 .  T h e  n u c l e u s  c a r r i e s  a  p o s i t i v e  c h a r g e  a n d  i s  s u r r o u n d e d  
b y  a  n u m b e r  o f  n e g a t i v e  e l e c t i  o n s  w h i c h  e x a c t l y  n e u t r a l i s e  t h i s  c h a r g e .  W h e n  a t o m s  a r e  
c l o s e  t o  o n e - a n o t h e r  i n  a  s o l i d  m o s t  o f  t h e i r  e l e c t r o n s  ( t h e  c o r e  e l e c t r o n s )  r e m a i n  
" l o c a l i s e d " ,  s o  t h a t  t h e y  c a n  b e  c o n s i d e r e d  t o  r e m a i n  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  a t o m .
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F i g .  2 . 1 2
A s G a A l
4 p -------------------- 3 1
N  4 s 2 2
4 d ............. -  . .
1 0 10
M 6 6 1
3 P
3 S 2 2 2
L  2 P 6
6 6
2 S 2 2 2
K  ' s 2 2 2
L E V E L S N 9  O F  E L E C T R O N S  IN  E A C H  
L E V E L
T h e  r e l a t i v e  e n e r g i e s  o f  e l e c t r o n i c  s t a t e s  i n  A s ,  G a  a n d  A l  
a t o m s .
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B u t  s o m e  o u t e r  e l e c t r o n s ,  t h e  v a l e n c e  e l e c t r o n s ,  w i l l  b e  s h a r e d  t o  a n  e x t e n t  w h i c h  
d e p e n d s  o n  t h e  t y p e  o f  b o n d i n g  w i t h  n e i g h b o u r i n g  a t o m s .  T h e  e s s e n t i a l  f e a t u r e  o f  t h e  
E l e c t r o n  M i c r o p r o b e  i s  t h e  l o c a l i z e d  e x c i t a t i o n  o f  a  s m a l l  a r e a  o f  t h e  s a m p l e  s u r f a c e  w i t h  
a  f i n e l y  f o c u s e d  e l e c t r o n  b e a m .  I n  o r d e r  t o  a s s e s s  t h e  s i z e  a n d  a r e a  b e i n g  a n a l y s e d  t h e  
d e p t h  o f  t h e  e l e c t r o n  b e a m  i n t o  t h e  s p e c i m e n  a n d  a l s o  t h e  r e g i o n  f r o m  w h i c h  t h e  x - r a y s  
c a n  e s c a p e  s h o u l d  b e  k n o w n  ( f i g u r e  2 . 1 3 ) .
T h e  d e p t h  o f  t h e  e l e c t r o n  p e n e t r a t i o n  R  a n d  t h u s  t h e  a p p r o x i m a t e  d i a m e t e r  o f  t h e  
i n t e r a c t i o n  v o l u m e ,  i s  f o u n d  t o  d e p e n d  o n  e l e c t r o n  e n e r g y  [ 2 . 3 3 ] .  F o r  m o s t  o f  t h e  
q u a n t i t a t i v e  w o r k  t h e  x - r a y s  g e n e r a t e d  i n  t h e  i n t e r a c t i o n  v o l u m e  e s c a p e  f r o m  w i t h i n  t h e  
i m p l a n t e d  r e g i o n  a n d  c a n  b e  m e a s u r e d  u s i n g  R e e d ’ s  [ 2 . 3 4 ]  n o m o g r a m  w h i c h  g i v e s  x - r a y  
s p a t i a l  r e s o l u t i o n  a s  a  f u n c t i o n  o f  i n c i d e n t  e n e r g y ,  c r i t i c a l  e n e r g y ,  a n d  t h e  m a t e r i a l  
d e n s i t y ,  s e e  f i g u r e  2 . 1 4 .
2 . 7 . 1  E n e r g y  D i s p e r s i v e  S p e c t r o s c o p y  M e t h o d  ( E D S )
I n  t h e  E D S  s y s t e m  t h e  e l e c t r o n  b e a m  i n t e r a c t i o n  w i t h  t h e  s u r f a c e  p r o d u c e s  x - r a y s  
c h a r a c t e r i s t i c  o f  t h e  m a t e r i a l  b e i n g  a n a l y s e d .  A  s o l i d  s t a t e  d e t e c t o r  i s  u s e d  t o  a n a l y s e  
t h e s e  x - r a y s  a f t e r  t h e y  p a s s  t h r o u g h  a  t h i n  b e r y l l i u m  w i n d o w  i n t o  a  c o o l e d  p - i - n  ( p - t y p e ,  
i n t r i n s i c ,  n - t y p e )  l i t h i u m  s i l i c o n  d e t e c t o r  ( t h e  d e t e c t o r  h a s  a  r e s o l u t i o n  o f  1 5 0  e V ) .  T h e  
s i g n a l  c r e a t e d  i s  f u r t h e r  a m p l i f i e d  a n d  s h a p e d  b y  t h e  m a i n  a m p l i f i e r  a n d  f i n a l l y  p a s s e d  t o  
a  m u l t i c h a n n e l  a n a l y s e r  ( M C A ) ,  f i g u r e  2 . 1 5 .  T h e  v o l t a g e  d i s t r i b u t i o n  i s  t h e n  d i s p l a y e d  
b y  a  c o m p u t e r .
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E l e c t r o n  B e a m
G a A s
( G a . A I ) A s
G a A s
F i g .  2 . 1 3  ( a )  T h e  e x c i t a t i o n  v o l u m e  p r o d u c e d  b y  t h e  e l e c t r o n  b e a m
i n s i d e  a  G a A s  s p e c i m e n  ( B :  b a c k s c a t t e r e d ,  S :  S e c o n d a r y ) ,  
( b )  E l e c t r o n  p e n e t r a t i o n  r a n g e  i n s i d e  G a A s  s p e c i m e n  f r o m  
r e f e r e n c e  [ 2 . 3 3 ] .
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F i g .  2 . 1 4  N o m o g r a m  f o r  s p a t i a l  r e s o l u t i o n  d  ( j i m )  a s  a  f u n c t i o n  o f  
e l e c t r o n  e n e r g y  E 0  ( k e V ) ,  c r i t i c a l  e x c i t a t i o n  e n e r g y  E c  ( k e V )  
a n d  d e n s i t y  ( g  c m - 3)  r e f e r e n c e  [ 2 . 3 4 ] .
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F i g .  2 . 1 5  S c h e m a t i c  r e p r e s e n t a t i o n  o f  X - R a y  e n e r g y - d i s p e r s i v e  s p e c ­
t r o m e t e r  ( E D S ) .
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The energy (wavelength) of a peak in the x-ray spectrum indicates the element concerned 
and the height of the peak is a measure of the concentration of the element in the energy 
dissipation volume, see figure 2.16. "Point analysis" can be carried out to determine the 
chemical composition of the material at the point of impact of the election beam. 
Experiments on samples with different implant doses, and different annealing tempera­
tures were carried out. An AlGaAs epitaxially grown sample was also used for 
comparison and calibration. To calculate the material concentration using the EDS 
method the "K" factor should be worked out. This value of was calculated using a 
Link computer and a program called ZAF/4. This gives KGaAs=0.869 for GaAs which 
agrees with the theoretically calculated value [2.35].
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2.7.2 Wave Dispersive Spectrometer (WDS)
The basic components of the WDS are illustrated in figure 2.17. A  small portion 
of the x-ray signal generated from the specimen passes out of the electron optical 
chamber and impinges on an analyzing curved-crystal. The x-rays are diffracted and 
then detected by a proportional counter. The signal from the detector is amplified, 
converted to a standard pulse size by a single-channel analyser and then the output of a 
rate meter is displayed on a strip chart recorder.
Fig. 2.17 Schematic representation o f a wavelength-dispersive spec­
trometer.
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Only the peak signal of the required material is detected and this gives the system high 
resolution capability, see figure 2.18. For the measurement of the material composition, 
data was taken on a Philips JEOL JSM35CF electron probe which has the same computer 
system as that of the EDS. The x-ray line used was A l^  in first order [2.36]. A  
proportional-counter detector was used and an accelerating voltage of 6-10keV was 
chosen as the best compromise in obtaining sufficient characteristic x-ray generation, and 
minimizing the absorption from the surface oxide. High purity, microscopically ho­
mogenous standards, were chosen for the Al calibration.
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2.8 Transmission electron Microscopy (TEM)
TEM is a very important technique in analysing ion implantation defects and it is 
useful in studying the annealing effect on the implanted samples [2.37, 2.38, 2.48]. The 
system consists of an electron gun and an assembly of electron lenses as shown in figure 
2.19 the lenses are an electrostatic type. The specimen to be analysed by transmission of 
electrons is placed near the entrance to the bore of the objective lens pole-piece. The 
specimens were examined in a JEOL 200CX microscope operated at 200kV using a 
double holder and employing conventional imaging and selected area electron diffraction 
techniques.
2 . 8 . 1  D if f r a c t io n  P a t t e r n
The simplest explanation of electron diffraction from a crystalline lattice is through 
the kinematic scattering process that meets the wave reinforcement and interference 
conditions given in the Bragg equation [2.40], which describe the condition for 
constructive interference for x-rays scattering from atomic crystal planes. The condition 
for constructive interference is ;
2d sinG = A,n 2.25
where d is the planer spacing, 0 the angle of scattering and X  is the wavelength and n is an 
integer. Diffraction occurs from crystallites which are orientated at the angle 0 which 
satisfies the Bragg condition. Figure 2.20 illustrates the spot patterns from a single 
crystal of GaAs, an as implanted sample and a totally disordered crystal.
In general, several types of information can be obtained from the diffraction patterns.
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Fig. 2.19 Cutaway to show principal features of Transmission Elec­
tron Microscope.
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Its primary use is to determine crystal orientation with respect to the electron beam 
and so the direction in the plane of the image. From image contrast studies the 
diffraction planes contributing to image contrast can be seen [2.41] and the distance 
between two diffraction spots can be accurately read (see figure 2.20). There are several 
other features of the diffraction pattern which provide additional information. For 
example, extra spots can indicate the presence of second phases or precipitates [2.42, 
2.43], etc. and if streaking can be seen this indicates strain or composition variation. 
Satellite spots, i.e. spots grouped around main spots, arise from periodic anti-phase 
boundaries.
BEAM BEAM BEAM
Fig. 2.20 Schematic representation o f Transmission Electron Micro­
graphs, (a) single crystal, (b) polycrystalline, (c) amor­
phous.
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2.8.2 Contrast of the implanted crystal
Ion implantation produces several complicated microstructures, and the aim of 
TEM is to recognize and characterize them. These implanted microstructure features 
include:
(i) changes in orientation with or without change in structure or composition, such as 
grains, twins, precipitates, structure of boundaries,
(ii) lattice defects such as point defects, line defects, planar defects, volume defects 
(effects due to elastic displacement),
(iii) multiple-phases (a) changes in composition but not structure, (b) changes in 
composition and structure (general precipitation) and (c) changes in structure but not 
composition.
Contrast from these features will arise from such effects as changes in the local 
diffraction, phase changes on crossing an interface, structure factor changes, and changes 
in effective thickness. The combination of bright and dark field imaging techniques and 
diffraction pattern analysis is essential in the characterisation procedure.
2 . 8 . 3  T E M  s p e c im e n  p r e p a r a t io n
There are two main methods of specimen preparation, one for plan-view TEM 
techniques and one for cross-sectional techniques.
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2.8.3.1 Plan-View sample preparation
The chosen samples were cleaved along (100) planes to the dimensions "-(2mm 
x2mm). After cleaving, the samples were glued with their epilayer face down onto a 
glass-slide using molten yellow dental wax, and two glass-slips of thickness -150 pm 
placed on either sides for support and thickness definition. The glass-slide was attached 
to a metallography polishing block to facilitate easy handling see figure 2.21(a).
The next stage is the mechanical polish. The specimen is polished down to the same 
thickness as that of the fine glass slips using fine grade SiC (Silicon carbide paper No. 
1200 grit size) then followed by 3pm and 1pm diamond lapping compound. To remove 
the sample after the last stage the stub was heated up to melt the wax while holding the 
slides and the sample together. The sample is then cleaned in trichlorethylene held at a 
temperature of about 50°C for -15 minutes using a hotplate. The next stage is 
jet-chemical thinning. The sample was mounted with the epilayer face down onto a 
teflon stud ( -  1 cmxl cm ) using lacomite. The lacomite was carefully brushed onto the 
sides o f the specimen to protect the edges of the sample and prevent any possibility of the 
epilayer from being attacked during jet-chemical thinning. The stud containing the 
sample was next mounted onto the rotating shaft of the jet-chemical thinning system 
using vaseline, see figure 2.21(b). A  5% bromine-methanol etch was used. During 
thinning the burette tap was arranged to allow a slow dripping of the etching solution 
onto the rotating sample. Specimen rotation ensures that the etched depressions are 
approximately hemispherical sectors centred about the axis of rotation.
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(a)
(b )
Fig. 2.21 TFM  sample preparation method, (a) block with the sample 
fixed on top of it, (b) jet-chemical thinning system.
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The operation is monitored until the specimen was etched right through when a hole 
was just visible. The samples were then removed from the teflon stud using acetone and 
then cleaned in methanol and arklone. The next stage is to mount these samples into an 
aluminium ’cup’ using silver dag. This kind of cup is used to minimize sample breakage, 
because GaAs is a rather brittle semiconductor material.
2 . 8 . 3 . 2  C r o s s  s e c t io n  s a m p le  p r e p a r a t io n
Several methods of approach to the problem of making cross-section samples have 
been published in the literature employing ion beam milling and chemical etching 
techniques [2.44, 2.45, 2.46, 2.47]. The degree of success may often depend on the 
patience and the care of the sample prepation, the process often being tedious and time 
consuming.
In synthesis work the range of interest is the upper one-micron o f the sample 
surface. This thin surface layer should be protected during the sample preparation 
process. The pieces of interest are cleaved or cut from the wafer and bonded together 
using epoxy. The excess epoxy is squeezed from between the sample pieces using 
tweezers, the sandwich is then left to cure before mounting on a conventional 
metallography polishing block. The specimen is then lapped and polished using 
successively finer grade polishing paper (the same method employed in the plan view 
specimen preparation). The polished sample was then placed between two copper discs 
as shown in figure 2.22. The sample was then milled using 4-6keV Argon ions to 
perforation.
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Fig. 2*22 (a) A synthesised GaAs\AIGaAs TEM cross
section showing the interface region in the middle, 
(b) The perforation after ion milling.
2.9 Photoluminescence
Photoluminescence is a simple and powerful method for characterising semicon­
ductor materials [2.48, 2.49, 2.50]. Impurities and defects which are present can be 
detected without destroying the sample. The technique is surface sensitive to -1 micron 
thickness making photoluminescence particularly suitable for the study of ion beam 
synthesised layers.
The apparatus for observing the photoluminescence of processed GaAs is shown in figure 
2.23 below. The sample, inside an Oxford instrument continuous flow cryostat with 
optical windows, is exited with -100 mw of argon-ion laser radiation at a wavelength of 
514 nm. The excitation was chopped at -400 Hz and a reference signal sent to a lock-in 
amplifier. The resulting photoluminescence is collected from the sample surface by 
appropriate optics and then analysed by a 1 meter Spex single spectrometer and detected 
by a liquid nitrogen cooled Germanium detector.
The detector signal is processed with a lock-in amplifier in the usual way. The 
spectrometer slit-width determines the resolution. Filters are used to eliminate the small 
laser background gas emission lines in the infrared. All the samples were annealed to 
reduce the large number of non radiative defects. Photoluminescence detects an optical 
transition from an excited electronic state to a low electronic state, usually the ground 
state. In high purity material, at low temperatures and relatively low excitation 
densities, the excess electrons and holes predominantly form excitons which subsequent­
ly decay giving rise to luminescence. I f  the material contains donors and acceptors with 
concentration>10,5cm-3 then at 4.2 K  virtually all of the free excitons are captured giving 
rise to impurity-specific bound-exciton luminescence. Bound-exciton luminescence 
lines are sharp with photon energy given by
hu = Eg-Ex-EB 2.26
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Where Eg is the energy gap, Ek is the exciton binding energy and EB is binding energy of 
the exciton to the neutral donor or acceptor. The energy gap (Eg) of GaAs at low 
temperature is 1.5eV. In order to observe the ternary AlGaAs and defects luminescence 
we need to cover the spectral energy range-0.5 to 1.9 eV.
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C H A PTE R  3
E X P E R I M E N T A L  R E S U L T S  O F  I O N  B E A M  S Y N T H E S I S  B Y  
M A T C H E D  D U A L  I M P L A N T S  O F  A s  A N D  A l
3 . 1  In t r o d u c t io n
This chapter is the first o f two experimental results chapters. The majority of the 
work was concentrated on this method of ion beam synthesis because it was found to be 
the most successful way of fabricating an AlGaAs layer. The possibility of fabricating 
AlGaAs by ion beam mixing and by damage enhanced diffusion was also attempted 
successfully and the results are described in chapter 4.
The results of AlGaAs synthesis by dual ion implantation is divided into four 
sections, the first section describes a detailed quantitative study of the pure GaAs starting 
material. The next section describes the ion implantation parameters and the choice of 
dose, energy and temperature. The optical analysis using PL showed the buried layer to 
have a wider bandgap than that of GaAs, which we attributed to that of AlGaAs. 
Identification of the AlGaAs layer, its thickness and the aluminium composition was 
characterised using RBS, SIMS and electron induced X-Rays. There was good agree­
ment between the computer simulation output and the RBS spectrum, this result confirms 
the synthesis of AlGaAs. The later experiments concentrate on the ion implantation 
damage reduction by means of rapid thermal annealing. This was assessed using RBS, 
TEM and SEM, for samples with different sets of annealing temperatures. The 
combination of RBS and TEM in the study of ion implantation damage in semiconductor 
is well understood and their use in this work proved to be extremely useful. The results
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in the final sections of this chapter concentrate on element identification and aluminium 
composition analysis using SIMS and EDS methods. The chemical characterization of 
the synthesised layer was also studied using the electron induced X-Ray microprobe 
analysis. The simplicity, speed and nondestructive nature of this method makes it a 
useful method for calculating the aluminium mole fraction values, x, for different 
samples. These values were then compared with that from the SIMS. The discussion 
and interpretation of results will be given in chapter 5.
3 . 2  S t a r t in g  m a t e r ia l a n a ly s is
The starting material stoichiometry, purity and optical quality was checked using 
RBS, X-Ray microprobe and PL. This also acted as an introduction to the use of these 
analytical systems and for comparison with the processed samples later on.
RBS was performed upon all the wafers used in this work. The ( which is the 
percentage measure of crystallinity ) was obtained from RBS data to be equal to 4±1% 
for the majority of all the starting materials. Figure 3.1 is a channelled spectrum of pure 
GaAs material, two peaks are noticeable one is that of As and the other is that o f Ga. 
They have equal atomic concentration calculated using equation 2.18, confirming the 
GaAs samples are stoichiometric in nature and the validity of the analysis. Examination 
o f these structures under the SEM before the x-ray analysis shows they have a uniform 
surface with no microscopic irregularity.
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Fig. 3.1 The RBS spectrum of pure GaAs material.
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For the EDS, X-Ray, results for this material, we find that broadly speaking the Ga and 
As peaks are Gaussian. It is easy to recognise any deviation from the As and the Ga 
Gaussian profiles (if there are deviations they are always due to the presence of other 
elements) figure 3.2(a). Quantification of EDS spectra was performed using the basic 
equation;
C g o  _  „  [© a 3.1
Cr ~ GaAs* j
As * As
where CGa and C M are the atomic weight concentration of the elements Ga and As in the 
analysed volume. IGa, 1  ^are the characteristic X-Rays intensity above background and 
KGaAa is a constant of proportionality often termed the "K" factor, section 2.7.1, [3.1]. The 
values of ICa and are the peak value minus the background, figure 3.2(b). The 
calculated values of the weight concentrations of Ga and As agrees with the quoted 
theoretical result [3.2,3.3] of pure GaAs material. This shows the GaAs samples are 
pure and stoichiometric.
A  Photoluminescence study of the material was carried out to identify the material 
bandgap energy and to detect if there were any defects or impurity related transitions that 
may exist and not being detected by the earlier methods. A  typical PL spectrum obtained 
for GaAs sample layer is shown in figure 3.3. The principal spectral features are the 
neutral donor at 1.50eV and the lower-energy peak at ~1.48eV is due to a donor-acceptor 
transition. These spectra are typical of pure GaAs material [3.4]. The results o f the 
principal near-gap emission features identified agrees with data published in several 
references [3.4, 3.5, 3.6, 3.7]
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(a)
Fig. 3.2 (a) Electron induced X-Ray spectrum of pure GaAs. (b)
Peak (W p) minus the background (W b) subtraction.
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A r b .
In ten s ity
W a v e le n g th  (n m )
Fig. 3.3 The Photoluminescence of GaAs material measured at 60K.
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3.3 The concentration and distribution of the implanted As and Al ions
The GaAs samples were placed inside the target chamber of the 500keV ion 
accelerator, positioned on a holder (Carousel) which is capable of holding up to eighteen 
2 inch diameter wafers. As and Al ions of 400 and 135keV were implanted consecutive­
ly into the GaAs substrate for a range of doses at room temperature. The substrate was 
tilted by 7° from <100> direction to avoid channelling so that a reproducible implant 
profile could be achieved. As+ was implanted first into GaAs at room temperature with 
energy of 400keV this gives a projected range of approximately of 1500A [4.8]. The As 
implantation conditions are summarised in table 3.1 below.
Implantation dose 
(ions/cm2)
Implantation area
(cm2)
Ion beam current 
(jlA )
Implantation
energy
(keV)
lxlO17 1 5 400
5xl016 1 5 400
2.5xl016 1 5 400
5xl015 1 5 400
lxlO15 1 5 400
Table 3.1 Shows the arsenic imp antation conditions at room temperature
To calculate the atomic concentration of each implant with depth, the values of 
implantation parameters (i.e. area, dose, Rp and ARp) were substituted in the LSS 
equation (equation 2.7). For the aluminium ions to have the same projected range as that
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of the As implant its implantation energy should be 135keV. The theoretical aluminium 
mole fraction value, x, can be worked out from the Al atomic concentration (N^) and the 
Ga atomic concentration (N^) at different depths according to the formula.
N m3-2
X N m + N o .
Where the Ga atomic density is 2.21x10“  atoms/cm3 which is half the atomic 
density of GaAs.
Implant dose 
(ions/cm2)
Implantation 
area (cm2)
Ion Beam 
Current (pA)
Implantation
Energy (keV)
lxlO17 1 4.2 135
5xl016 1 2 135
2.5xl016 1 1.8 135
5xl015 1 1.2 135
lxlO15 1 1 135
Table 3.2 Shows the aluminium implantation conditions.
The aluminium doses were chosen to give a range of peak mole-fraction values 
corresponding to direct bandgap Al,_xGaxAs. When the arsenic and the aluminium PRAL 
(Projected Range Algorithm) [4.8] profiles are superimposed on top of each other on the 
same axis, their atomic concentration peaks are at the same depth while their standard 
deviations differ. This is expected because the smaller mass number of the aluminium 
gives a larger standard deviation value, see figure 3.4.
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Depth (A )
Fig. 3.4 The As and the Al implantation profiles for 400 and 135keV 
respectively calculated from PRAL for a dose of lxlO17 
ion/cm2.
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3 . 4 . 1  P h o t o lu m in e s c e n c e  r e s u lt s  o f  t h e  s y n t h e s is e d  la y e r
The excitation of the GaAs specimens with ~100mW of Argon-ion laser, at 514nm, 
produces electron hole pairs. These can recombine in a number of ways some of which 
give rise to luminescence. The composition of the synthesised alloy can be identified by 
their Photoluminescence spectra. The PL spectrum of a GaAs sample implanted and 
annealed up to 950°C consisted of 2 main bands, see figure 3.5. The narrow band is that 
o f GaAs related transitions and the broad band which we attribute to formation of the 
ternary compound AlGaAs. The considerable width of the broad band is primarily due to 
the variation of x, i.e bandgap, with depth. Even though ion implantation normally 
induces lots of defects the high intensity of the two peaks are indicative of material of 
reasonably good crystal quality being obtained after the 950°C rapid thermal annealing. 
We do not expect a higher PL intensity for this synthesised compound because the 
crystalline structure of the new AlGaAs layer still has a number of dislocations. These 
were identified by TEM micrographs and will be dealt with later on.
Figure 3.6 shows the PL spectrum of GaAs implanted with the same doses of A l 
and As of lx l0 17/cm2, and then the sample annealed at a lower temperature of 650°C. 
The characteristic feature that the line emission starts at short wavelength is that the 
corresponding energy of the new material is larger than that of GaAs. In figure 3.6 the 
PL signal starts from 620nm which corresponds to an A lxGaIxAs layer with x=0.12 [4.4] 
down to that of GaAs (x=0). The AlGaAs signal is not separate as it was in the case of 
figure 3.5, which is because the annealing temperature of 650°C is not high enough to
3.4 The synthesis of a buried layer of AlGaAs
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eliminate all the implantation damage leaving large numbers of defect related recombina­
tion centers and these gave rise to luminescence corresponding to transitions between 
GaAs and AlGaAs lines.
Wavelength (nm)
Fig. 3.5 Clearly showing the large bandgap o f the buried layer of 
AlGaAs (x=0.12).
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Intensity
W a v e le n g th  (nm )
Fig. 3.6 GaAs-AIGaAs PL  line taken at liquid nitrogen temperature 
for implantation dose o f lxfiW cm 2 and RTA at 650°C for 
20 sec.
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The synthesis of a AlxGa]3As layer is achieved through aluminium replacing 
gallium. Photoluminescence analysis of samples implanted at different doses reveals a 
clear AlGaAs related emission line for all samples implanted with high doses, see figure 
3.7. It is noticeable that as the value of the implantation dose increases two transitions 
are evident, even though they are slightly overlapped their peak values are clear.
A rb .
In ten s ity
700 8SO 900
W a v e le n g th  (n m )
Fig. 3.7 Showing two different Photoluminescence spectra at doses,
(a) 5xl016 and (b) lxlO17 ions/cm2, both samples were annealed 
at 950°C.
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PL data of epitaxially grown AlGaAs samples shows broad emission bands due to 
distant donor-acceptor-pair recombination [3.7, 3.8, 3.9] and their transition energy 
depend on the aluminium mole fraction value according to the relation by Stringfellow
[3.12] and Dingle et al. [3.13];
Eg = 1.512 + 1.245x. 3.3
Table 3.3 is the PL results of GaAs samples implanted with doses between 
5xl0ls-lx l017 ions/cm2. Figure 3.8 represents the bandgap energy of the AlGaAs lines 
(the broad line) plotted against the ion dose. The figure indicates that an AlGaAs layer 
with larger bandgap can be fabricated from a higher dose implant (i.e. for a large dose 
implant more aluminium is sitting on the gallium sites). The Gaussian distribution of the 
aluminium atoms in the implanted region produces an AlGaAs layer with a broad 
emission line. Higher dose implants produce an AlGaAs layer with larger bandgap 
energy and a broader PL signal.
Dose
(ion/cm2)
Peak Position 
(nm)
Maximum Eg 
(eV)
lxlO17 750 1.65
5xl016 770 1.60
2.5xl016 810 1.53
5xl015 820 1.51
Table 3.3 Spectral characteristics of different 
samples at 80K.
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The sensitivity of the Germanium p-i-n detector used in the PL experiment drops at 
the lower range of the spectrum, i.e. below 800 nm of the spectrum. To check if this drop 
in sensitivity at this range in anyway alters the shape or the position o f the AlGaAs signal 
we replaced this detector by a Silicon detector. This also gave a distinguishable AlGaAs 
signal similar in value to that obtained from a germanium detector figure 3.9. Therefore 
the Germanium p-i-n detector response has minimal effect on the main features of the 
spectrum. An important effect on the AlGaAs PL signal is seen to be the annealing 
temperature, see figure 3.10. For low annealing temperatures the synthesised AlGaAs 
bandgap energy value is small, which may be because aluminium has not been 
incorporated completely. Substantial reduction in the implantation damage and the 
formation of an AlGaAs layer with a larger bandgap value was achieved after annealing 
at 950°C. Therefore the high annealing temperature has incorporated the aluminium into 
the gallium vacancies forming AlGaAs layers plus a complete disappearance o f all the 
precipitates (seen from TEM micrographs in a latter section). The use of rapid thermal 
annealing plus a subsequent stage of furnace annealing in a nitrogen ambient for 30 
minutes at 650°C did not produce any noticeable changes to the shape or the value of the 
AlGaAs signals, figure 3.11. Even though the damage may have been reduced rapidly 
the extra long furnace annealing cycle did not produce any changes in the AlGaAs PL 
signal. The disadvantage of furnace annealing in the AlGaAs work is that capping layer 
failures were frequent.
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Fig. 3.10 The peak Photoluminescence energy of the synthesised 
AlGaAs plotted as a function of annealing temperature for 
GaAs samples implanted with 5xl016 ion/cm2, all the PL 
signals are collected at 80K.
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Fig. 3.11 The PL spectrum for the sample rapid thermal annealed at 
950°C for 25 seconds and then furnaced annealed for 30 
minutes at 650°C.
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3  A . 2  Id e n t if ic a t io n  o f  A l G a A s  la y e r  u s in g  R B S
3 . 4 . 2 . 1  T h e  s y n t h e s is  o f  A l G a A s  la y e r
In the AlGaAs formation, partial replacement of Ga atoms by A l atoms leads to a 
drop in the Ga yield, this reduction depending upon the Al dose value. Figure 3.12 
shows the output spectrum of the GaAs sample implanted with A l and As doses o f lxlO17 
ions/cm2. The sample was then annealed at 950°C for 25°C seconds. There is a 
reduction in the Ga signal centred on channel 390 and a corresponding increase in the 
region of this spectrum centred in channel 202 due to the buried Al. These changes in 
yields were used to calculate the aluminium content of GaPxA lxAs employing the method 
of Mayer [2.26].
The expected reciprocal behaviour is observed (i.e a Ga yield reduction associated 
with an increased A l yield), from the RBS spectrum in the middle. This dip due to 
gallium in the curve represents a deficiency of Ga atoms, and this is due to the synthesis 
of Ga078Al022As alloy. The lower photograph in the figure is a Scanning Electron 
Micrograph of the same sample. The lighter striped line is the AlGaAs layer and shows 
up as a result of its slower etching rate compared to that of GaAs. The TEM selected 
area diffraction pattern taken from the implanted (AlGaAs) layer shows it is o f a single 
crystal with no streaking or splitting of the spots (Photo inset top right o f figure 3.12).
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Fig. 3.12 The fabricated buried layer of AlGaAs by dual implants (As & Al) into GaAs 
and annealing at 950°C. The top micrograph is a selected area diffraction 
pattern taken from the synthesised AlGaAs layer, the middle area is an 
RBS spectrum of the same structure, the lower photograph Is a cross- 
section scanning electron micrograph after etching.
The composition of the AlGaAs as a function of depth was obtained by a simulated 
fit to the RBS spectra. Figure 3.13 represents the aluminium Gaussian distribution 
profile with depth and opposite to it is the equivalent for a multi-layer structure. This 
structure has a maximum aluminium concentration in the middle layer of 2000A 
thickness and covers most of the aluminium peak profile within the implanted region. It 
is clear from figure 3.14(a) that in the computer simulation output, there is a decrease in 
the Ga yield. The simulation is similar to the results from the actual spectrum obtained, 
figure 3.14(b). It shows the expected reduction in the Ga peak signal. Also the 
aluminium region of this spectrum has increased. The aluminium counts were 
used to calculate the aluminium mole fraction value (x) which is found to be equal to 
0.22. A  typical fit between the measured RBS spectrum of the synthesised AlGaAs and 
a computer simulated spectrum is shown in, figure 3.15. This computer program is 
based on well defined algorithms and stopping powers known to an accuracy o f ~ 5%.
ai Cone, /cc
♦ o 600A
4
t .
2000 A
3.4.2.2 Buried layer characterisation
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Fig. 3.13 The layers structure o f the computer simulation and its 
corresponding Gaussian profile.
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Fig. 3.14 (a) The simulated output spectrum o f the synthesised 
structure.
(b) The experimental output spectrum of aluminium 
implanted GaAs with a dose o f IxfiW cm 2 and an- 
nealed at temperature o f 950°C.
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3 . 4 . 2 . 3  T h e  u s e  o f  R B S  in  t h e  c a lc u la t io n  o f  t h e  im p la n t a t io n  
d a m a g e  a n d  t h e  d a m a g e d  la y e r  t h ic k n e s s
The amount of damage introduced into the GaAs by the As and A l implants can be 
estimated from the as-implanted GaAs RBS spectrum of figure 3.16. As the ions reach 
the surface of the GaAs they will create a cascade of atomic displacements and 
consequently this will produce a large number of defects. The implanted layer contains 
point defects and dislocations, etc. and an annealing process is needed to restore to the 
material its crystal quality. The damaged region of the as-implanted spectrum of figure 
3.16 covers approximately 53±5 channels, AL=2700A this is approximately twice the 
value of Rp. The area beneath the peak of each channelled spectrum is a measure of the 
amount of damage that remains after each annealing temperature. As the annealing 
temperature was increased the area under the surface peak reduced (i.e. the damage is 
reduced). For 650°C the area under the RBS peak is still large and thus the material is 
still very disordered. However, after higher temperature annealing considerable changes 
take place. The movement of the back edge of the aligned spectra (Nos. 3-5) towards the 
surface is consistent with the idea that the damaged layer is regrown epitaxially oh the 
single crystal substrate. Hence with the use of rapid thermal annealing, a rapid reduction 
in the amount of radiation damage is observed associated with the formation of the 
AlGaAs layer. Because aluminium is a light ion, simple defects like the divacancy, 
neutral vacancy or negative vacancy are expected to exist but because high doses are used 
complex defects can also appear [3.14].
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Fig. 3.16 Aligned backscattering spectra of 1.5MeV He ions from 
GaAs samples implanted with 400keV of As and 135keV o f 
Al ions to a dose o f lx l0 17/cm2. Curve (1) as-implanted, (2) 
650°C, (3) 850° and (4) 950°C and (5) pure GaAs.
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In the case of an arsenic implant of lxlO17 ions/cm2 a larger number of complex 
defects is expected because of its larger mass. The reduction in the amount of damage in 
term of defects/cm3 can be visualized from figure 3.17. The defect concentrations as a 
function of depth were calculated from the area under the damage peak of each 
channelled spectrum in figure 3.16. The defect peak concentration curves were observed 
to shift towards the surface. Again this is expected because the damaged layer is 
regrowing epitaxially on the single crystal substrate during annealing. The smallest 
amount of residual damage is for the 950°C annealing temperature (curve 3, figure 3.17). 
There is a considerable difference between this curve and curve 1, which corresponds to 
an annealing temperature of only 750°C. Figure 3.17 shows that the annealing 
temperature has a dominant role in damage reduction, simple defects like vacancy and 
vacancy associated complexes can anneal at low temperature and some of these vacancy 
clusters can also transform into dislocations at slightly higher temperatures. During 
epitaxy defects can migrate from this area of high density into the recrystallized area and 
possibly the undisturbed crystal. TEM studies of the implanted layer after they had been 
annealed up to 950°C showed few dislocation lines and loops.
For comparison a new set of samples were implanted with the same doses of arsenic 
and aluminium, but at an implantation temperature of 230°C. The RBS spectra of these 
samples is that o f an AlGaAs layer with %min=0.05. When the RBS channelled spectrum 
of this sample is compared to that of a sample implanted at room temperature and rapid 
thermal annealed at 850°C, a large difference can be seen in the value of of the two 
spectra of figure 3.18. The hot stage method of fabricating AlGaAs is found to be 
successful in producing defect free AlGaAs layers (as far as RBS is concerned). It 
seems that annealing of the damage takes place during implantation.
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Fig. 3.17 Defect distribution profile in As and Al implanted GaAs for 
different annealing temperatures, calculated from RBS 
data.
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Fig. 3.18 Aligned backscattering spectra o f 1.5 MeV He ions from 
GaAs samples implanted with 400keV of As and 135keV of 
Al ions to a dose of lxlO I7/cm2. Curve (1) as-implanted, 
random, (2) as-implanted, chanelled, (3) 850°C RTA only 
and (4) hot implant at 230°C and RTA at 850°C.
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3 . 4 . 2 . 4  T h e  u s e  o f  R B S  s p e c t r u m  in  t h e  c a lc u la t io n  o f  b o t h  a lu m in iu m  m o le  
f r a c t io n  v a lu e  ( x )  a n d  t h e  b u r ie d  la y e r  t h ic k n e s s
At the begining of this section we showed a typical fit between the measured RBS 
spectrum of the synthesised AlGaAs and a computer simulated spectrum. This method 
was used here in the calculation of both the AlGaAs layer thickness and its aluminium 
mole fraction value, x. Table 3.4 represents the calculated aluminium mole fraction 
value as a function of annealing temperature. The plot of the buried layer thickness 
against annealing temperature shows there is an increase in the layer thickness with 
increase in the annealing temperature. This indicates that within the implanted region of 
2700A, most of the aluminium has been incorporated to form a buried layer o f AlGaAs. 
Figure 3.19 shows that the amount of aluminium incorporated into this layer is 
temperature dependent.
Annealing Temp.
(°C)
Layer thickness 
(A )
Mole fraction 
(x)
The synthesised 
A lxGalxAs
950 2000 0.2 Alo^Uao.sAs
850 1900 0.19 Al0.i9Ua081As
750 1800 0.17 Alo.17Uao.83 As
650 1500 0.08 Alo.03UUo.92As
Table 3.4 Set of RBS results obtained from GaAs samples implanted with As and Al 
doses of lxlO17 ions/cm2 and then RTA between 650-950°C for 25 seconds.
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Fig. 3.19 Incorporated Al mole fraction as a function o f annealing 
temperature, calculated from RBS data.
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The measurement of x ^  can also be useful in finding the optimum annealing 
temperature. The alignment of the crystal with respect to the beam is based on the 
existence of a well-defined planar minimum in the yield of backscattered particles at the 
beam-to-substrate direction that corresponds directly with the planes in the crystal. The 
method of carrying out the alignment procedure is to tilt the crystal with respect to the 
beam direction. As the crystal is rotated around its axis there are minima in the 
backscattering yield at the angular position of the rotation where the planes are aligned 
with the beam. For a dose of Ix l0 ,7ions/cm2 several x ^  values are determined at 
different annealing temperatures. A  small value of x ^  indicates that the material is 
damage free while a large value of indicates damaged material. These values of the 
minimum yield x ^  Ii© between 0.04 for crystalline material and 0.57 for for highly 
damaged material, see table 3.5.
Implantation dose 
(ions/cm2)
Annealing 
temperature 
RTA  (°C)
X  ,min
0 0 0.04
lxlO17 750 0.57
lxlO17 850 0.50
lxlO17 950 0.25
lxlO17 1000 0.04
lxlO17 230 Hot implant + 
850
0.05
Table 3.5 The damage parameters x^  for high dose implant high annealed 
temperature samples
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Our experimental studies of the changes in the value as a function of 
temperature are plotted in figure 3.20. From this figure it is clear that the regrowth takes 
several stages to complete. Stage one occurs at a temperature of 400-700°C, where the 
damage has been reduced to a steady value. These layers were found to be highly 
defective with large numbers of dislocations and precipitates which can be seen in the 
TEM micrographs. Stage two is for the temperature range 700-850°C; here most of the 
defects are annealed and a complete disappearance of precipitates occurs, but still a large 
number of dislocations exist (from TEM micrographs section 3.4.3.1). For stage three, 
in the temperature range of 850-1000°C, the crystallinity is improving because the x^  
value becomes the same as that of good crystalline GaAs. The TEM diffraction pattern 
is also that of a single crystal material. The usual maximum rapid thermal annealing 
temperature used in this work is 1000°C because at higher values the encapsulating layer 
failure was more frequent. Some samples were taken to 1100°C where we observed 
arsenic loss from the surface of the material producing damage islands with irregural 
shapes. SEM high magnification pictures of samples annealed between 1100-1150°C 
are shown in figure 3.21(a) which shows these damage islands. An electron induced 
x-ray probe study of these damage islands, figure 3.21(b) showed they were gallium rich. 
This indicates that for high temperature annealing (over 1100°C), the capping layer has 
failed exposing the sample surface and leading to arsenic loss leaving gallium on the 
surface as an island of gross damage.
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Fig. 3.20 Damage parameter, measured from RBS data, plotted 
against temperature.
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(b)
Fig. 3.21 (a) Scanning electron image of high dose implant after annealing 
at1100°C.
(b) Electron induced x-ray (EDS) of one of the damage islands in (a)-
3.4.3 Implantation damage analysis using TEM & SEM
The effect of annealing temperature on the synthesis of the AlGaAs layer was 
analysed using TEM and SEM. Recrystallization of the damaged region formed by the 
ion implantation process was structually studied using TEM. The detailed analysis of 
the regrowth and residual damage following each annealing step was achieved by 
employing mainly plan-view prepared samples with some additional cross-section. All 
specimens were tilted to obtain the two-beam conditions for a (220) type reflection and 
bright field micrographs recorded. Selective area diffraction patterns were obtained 
from both the plan-view and cross-section samples.
3 . 4 . 3 . 1  T r a n s m is s io n  E le c t r o n  M ic r o s c o p y  ( T E M )
We used TEM to study the microstructure in the as-implanted state and as a 
function of annealing temperature for the samples implanted with lxlO17 ions/cm2 of 
arsenic and aluminium ions. Figure 3.22(a) shows a bright field TEM micrograph of the 
as-implanted microstructure. A  distribution of randomly orientated grains is seen which 
vary in size from 80 to 500nm and microtwins are also evident. Electron diffraction 
patterns from this sample showed rings of diffused intensity with superimposed 
diffraction spots. This is consistent with the material being polycrystalline. Figure 
3.22(b) is the dark field image obtained from the as-implanted region. Grains are 
revealed as regions of bright contrast and in the background a cellular contrast due to 
grain boundaries is seen. The indication is that the Al and As implants have produced 
large amounts of damage in the GaAs sample and the structure is not a single crystal. 
There is evidence of microtwins (this term describes the sudden changes of orientation of
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the growing crystal where the new growth axis bears a mirror-image relationship to the 
original axis). The micrographs obtained from different areas of the implanted region 
gave the same characteristics. We next consider the effect of annealing the samples. 
Both As and Al of lxlO17 ions/cm2 were implanted in GaAs as previously. The samples 
were then capped and annealed up to 650°C. After removing the capping layer of S i ^  
and AIN with HF (for approximatly 6 minutes) the samples were prepared for TEM and 
several micrographs obtained from within the implanted region of the sample. Figure 
3.23(a) is a micrograph which shows islands of damage together with dislocations, there 
is also a distribution of precipitates across the layer. These precipitates could be AlAs 
crystallites formed by the reaction of Al with As or possible a complex of, A l and Ga.
In addition occasional Moire fringes (labelled MF) are evident. These are likely to 
be rotational Moire patterns because the lattice parameter of (Ga,Al)As does not vary 
appreciably with composition. The diffraction pattern of figure 3.23(a) is no longer 
polycrystalline but is essentially single crystal in character. However, there is streaking 
and splitting o f the matrix spots in the <110> direction which is consistent with the layer 
being highly strained. Furthermore spots, additional to the matrix reflection can be seen, 
most of which have d-spacings in reasonable agreement with the published values for A l 
(JCPDS index). Figure 3.23(b) is a high magnification bright field micrograph showing 
the precipitates more clearly. The precipitates have an approximately spherical 
morphology with an average diameter ~8 nm. The lack of strain contrast associated with 
these precipitates indicates that they are incoherent in character. In summary, this 
sequence of micrographs shows that annealing at 650°C is not high enough to eliminate 
the damage produced by Al and As implantation.
Fresh samples were annealed at 750°C for 25 seconds. Typical regions of the 
microstructure of specimens are shown in figure 3.24(a). The damage in this material is
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in the form of complex dislocation tangles, occasional dislocation loops and precipitates. 
These precipitates occur much less frequently than those in the material annealed at 
650°C and while some exhibit a tendency to cluster others are isolated. Also the SADP’S 
(selective area diffraction pattern) associated with this material show spot splitting which 
indicates that the new structure is highly strained. Figure 2.24(b) is another micrograph 
showing these precipitates vary in size from about 5 to 20nm.
Figure 3.25(a) illustrates the microstructure of material annealed at 950°C. There 
are no longer any islands of gross damage or precipitates. The only defects present are 
dislocation tangles and loops which vary in size from about 20 to 160nm. Furthermore, 
the electron diffraction patterns from this material were single crystal spot patterns 
without any distortion of the reciprocal lattice points. The number o f dislocation loops 
that exist is small in comparison to that of a lower annealing temperature. Rapid thermal 
annealing at 950°C for 25 seconds reduced the damage and gave almost perfect single 
crystal structure in agreement with the RBS measurements described earlier.
Cross section TEM of the samples annealed at 950°C shows the structure is single 
crystal with some dislocations remaining. This structure extends from the surface down 
to a depth of 0.3pm. Figure 3.26(a) shows the implanted region extends from the surface 
down to approximately 0.3pm. The diffraction pattern taken from this area is that of a 
single crystal. High magnification micrographs figure 3.26(b) again show the 
synthesised AlGaAs region to have few dislocations and no precipitates were observed. 
The thickness of the top layer measured from TEM cross section agrees with the 
thickness obtained from RBS measurements. Table 3.6 summarises the results of the 
TEM study.
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(b)
Fig. 3.22 TEM micrographs of the as-implanted sample, (a) selected area 
diffraction pattern which has rings with spots of diffused intensity, 
(b) bright field micrograph shows Irregular shape grains of 100- 
300nm In size.
Fig.3 .2 3  Two micrographs of a GaAs sample, implanted with As and Al doses 
of 1x1017/cm2 and then annealed at 650°C for 25s, showing : (a) lar­
ge number of dislocation loops and tangles with the diffraction patt­
ern that of essentially a single crystal, (b) large number of precipitates 
can be seen from the same sample.
Fig. 3.24 Two TEM micrographs of the GaAs sample implanted with As and A! doses 
of 1x1017/ cm2and then annealed at 750°C for 25s showing : (a) a number 
of dislocation loops and inset the diffraction pattern is that of a single cry­
stal, (b) a large reduction in the number of precipitates.
200 nm 
T
b
Fig. 3.25 Micrographs showing that : (a) few dislocations remains after annealing 
at 950°C for 25s, (b) the diffraction pattern is that of a single crystal.
Fig . 3 26 Cross-section TEM micrographs of a GaAs sample implanted with a dose 
of 1x101 /'em2 and annealed up to 850°C.
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3.4.3.2 Scanning Electron Microscopy (SEM) surface study
Plan-view and cross section scanning electron microscopy was used to study the 
surface topography of the samples. For plan-view the samples were studied using both 
backscattering and secondary electron modes of operation. We have used SEM to study 
the material surface before and after implantation and to give a picture of the 
encapsulants capability to withstand high annealing temperatures. The synthesised 
AlGaAs layer is buried beneath the surface and spectroscopic evaluation of this layer is 
carried out using cross-section SEM. However in using the cross-section method 
between the layers we need to use a selective etchant to produce sufficient contrast.
A  typical SEM micrograph from a pure GaAs sample shows a clean surface with no 
defects or irregular structures, see figure 3.27(a). After As and A l implants of lxlO17 
ions/cm2 and rapid thermal annealing at 950°C for 20 seconds, there were no defects or 
islands of gross damage to be seen. This indicates the encapsulation layers of AIN and 
Si3N4 have withstood the high annealing temperatures. It is observed that beyond 
1000°C these encapsulants start to fail. Figure 3.27(b) and (c) shows two micrographs of 
samples implanted at lxlO17 ions/cm2 and rapid thermal annealed at 1100°C for 25 
seconds. It can be seen that there are now island*of gross damage on the surface of the 
specimen, which are different in size, and x-ray electron microprobe analysis shows they 
are gallium rich. The same effect was observed for samples annealed at an even higher 
temperature of 1150°C. SEM also was used to study the surface topography for samples 
after they have been furnace annealed instead of rapid thermal annealed. The capping 
layers of the furnace annealed samples always fail for annealing temperatures above 
850°C. Cracks and pin holes are observed for these sample after 30 minutes of furnace 
annealing, figure 3.28. Most of the samples that were furnace annealed at high
113
temperatures showed large areas of gross damage to the surface. The high annealing 
temperature for long times has caused the capping layer to crack forming etch pits of 
300pm x 300pm square in size. The cracks cover a large portion of the sample surface.
Finally cross-section SEM has been used to estimate the synthesised layer 
thickness. Measurement of the buried layer thickness could be estimated by first etching 
the processed samples with a selective etchant, NH4OH + H20 2. The need for the use of 
this kind of etchant is to obtain a difference in contrast between the GaAs and AlGaAs 
layers when they are examined under the SEM microscope. This etchant consists of 30% 
aqueous solution of hydrogen peroxide with pH adjusted to about 7.0 by the addition of 
ammonium hydroxide. This solution has been referred to previously as the PA solution
[3.13] and the samples were immersed into this solution for 10 minutes. Figure 3.29(a-c) 
shows four micrographs of these structure after etching. Figure 3.29(a) is that of 
epitaxially grown AlGaAs layer, while the other 3 micrographs are those of GaAs 
material which have been implanted with As and Al of lxlO17 ions/cm2 then annealed 
(RTA) for 25 seconds at 950°C. It is clear that the implanted region extends from the 
surface region to a depth of 0.3pm, this region being the bright layer while the GaAs is 
the darker region.
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Fig. 3.27 Scanning electron images of a GaAs samples implanted with
a dose of 1x1017 cm2 and annealed at, (a) 950°C, (b) the 1100°C 
at higher magnification.
Fig.3-28 Two SEM micrographs (with different magnification) showing the capping 
layer failure at annealing temperatures of more than 1100°C.
Fig. 3.29 Cross-section micrographs of, (a) epitaxially grown GaAs\AIGaAs layer, 
b, c, are of the ion beam synthesised sample. These samples were cl­
eaved and then etched using the selective etchant NaOH + H202 . The
bright regions are those of AlGaAs while the darker regions are those of 
the GaAs region.
3 .4 .4  C o m p o sitio n  a n a lysis  u s in g  S IM S
Most SIMS profiles of semiconductors involve layers with uniform matrix 
composition. When one attempts to measure the distribution across a GaAs/AlGaAs 
interface then the analytical task becomes more complicated as both the useful ion yield 
and the sputter rate are changing. Low dose aluminium implanted GaAs samples were 
used as standards. The present work sets out to extend SIMS studies and observe the 
redistribution of the implanted aluminium after annealing, to correlate these results with 
Rutherford Backscattering of and the Transmission Electron Microscopy and with the 
electron induced x-rays results of the next section.
3.4.4.1 E lem en t identification
Figure 3.30 shows qualitative dynamic SIMS profiles for Al, Ga and As in sample 
KID (table 3.7). There are clear perturbations in both the Ga and As signals. This is 
indicative of a varying matrix composition and is consistent with the presence of an 
AlGaAs layer of varying composition. The reduced Ga yield is thought to be real in view 
of the RBS data. The variation in the As yield is likely to be a SIMS artefact due to the 
sputter yield changing across a region of varying composition. The Al signal shows a 
broad Gaussian truncated by the surface with a half-width of about 0.3pm and peaking at 
about 0.15pm.
118
Sample
Number
Energy
(keV)
Doses
(Ions/cm2)
RTA Details
A s+ AE Temp
(°C)
Anneal Time 
(sec)
Rise Time 
(sec)
KIA
K1B
K1C
KID
400 135
171x10
650
750
850
950
20 5
Table 3.7 Specimen details for matched dual implants of As and Al 
into GaAs at room temperature.
O E P T H  (M IC R O N S )
Fig. 3.30 Shows qualitative SIMS profiles for Al, Ga and As in 
material KID (table 3.7).
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To obtain a quantitative depth profile the raw intensity versus time data were 
converted into concentration versus depth. For these measurements, low dose aluminium 
implanted GaAs was used to establish the relative sensitivity factor (RSF). Figure 3.31 
shows the aluminium profile obtained after an Al implant of lxlO17 ions/cm2 and then 
annealed at 950°C for 25 seconds. The calculated projected range of the aluminium 
implant at 135kev is 0.15pm, and is equal to that obtained from the SIMS. Figure 3.31 
curve (a) shows the variation of gallium concentration (Ga), while curve (b) shows the 
corresponding changes in the aluminium concentration (Al). There are noticeable 
changes in the concentration profile over the range 150-2000nm, the gradual decrease in 
the gallium curve shown in figure 3.31(a) correlates with the increase in the aluminium 
profile seen in figure 3.31(b).
3 .4 .4 .2  D ep th  p ro file
2210
b: AluminiumEo
E u
17
10
0 100 200 300 400  500 600  700
DEPTH (nm)
Fig. 3.31 The Al and Ga atomic concentration profiles obtained from
SIMS measurements as a function of depth for GaAs 
sample implanted with a dose of lx l0 17/cm2 and annealed at 
950°C.
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The effect of annealing temperature on the shape of the aluminium profile is shown in 
figure 3.32. Curve (a) is for the aluminium profile after annealing at 950°C seconds 
while curve (b) is the aluminium profile after annealing at 650°C for 25 seconds. This 
indicates that most of the aluminium concentration remains within the implanted region 
of the material even at 950°C. The above results indicate that the RTA method did not 
cause any significant aluminium outdiffusion or indiffusion during the annealing stage.
In the hot implant method the sample was heated to 230°C during implantation. 
The SIMS result obtained from a GaAs sample implanted with As and Al doses of 
lxlO'Vcm2 and lxlO16 /cm2 respectively is shown in figure 3.33. There is no significant 
difference between this figure and figure 3.32(a). The maximum aluminium 
concentration remains within the implanted region. To study the effect of the 
implantation dose value on x, the aluminium mole fraction, several SIMS data for 
different doses, annealed at the same temperature of 950°C are used. The results are 
plotted in figure 3.34. This figure shows the aluminium implanted dose against the 
amount retained, (x), as calculated from the SIMS measurements of the reduction in the 
gallium profile. The x values were obtained by assuming stoichiometry, this is confirmed 
by the electron diffraction data.
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Fig. 3.32 SIMS profile of GaAs sample implanted with a dose of 
lxlO 17 ions/cm2 then RTA at (a) 950°C, (b) 650°C for 25s.
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Fig. 3.33 SIMS profile of GaAs sample implanted with As and Al 
doses of lx l0 17/cm2 using the hot implant method plus RTA 
at 850°C.
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Fig. 3.34 The retained Al dose measured from SIMS plotted against 
the implanted dose.
124
3.4.5 Calculation o f  the  a lum in ium  m ole frac tion  value (x), u s in g  th e  electron  
induced  x-ray m ethod  (E M A )
High energy electrons incident on solids result in the emission of x-ray spectra 
consisting of broad continuous bands of ’white’ x-rays or Bremmstrahlung, which are not 
useful. The emission lines arise from the transitions between the inner shell energy 
levels in the atoms. Their wavelengths are characteristic of the elements present.
3.4.5.1 X -ray  E D S  m ethod  using the G a p ea k  to calculate the  a lu m in iu m  m ole  
fra c tio n  (x)
Having shown that a buried single crystal layer is formed, the average Al mole 
fraction, x, in the buried layer was estimated using electron x-ray microprobe analysis 
(EMA). Figure 3.35(a) represents a typical loss-corrected electron induced x-ray 
spectrum from a high purity semi-insulating GaAs specimen for an incident electron 
beam of energy 15keV. The emission at 9.25keV is from the core level of gallium 
(GaKJ while the emission at 11.75keV originates from the core levels of the As atom 
(AsKp). The compound peak in the centre is from the combined emissions of GaKp and 
AsKa lines centred at 10.25keV and 10.50keV respectively. We have presented in Fig. 
3.35(b) and Fig. 3.35(c) the corresponding electron induced x-ray spectra from high 
purity Ga^Al^As epitaxial layers grown by MOVPE. To facilitate the comparison, all 
these spectra are presented in a normalized form ( Fig. 3.35(a) to (c) ). There is a gradual 
reduction in the GaKa and GaKp peaks as the Al content in the Ga^Al^As layer 
increases. Such a reduction in the yield of the GaKa x-rays from the ternary system is 
indeed due to Al atoms occupying Ga lattice sites. Thus in our normalized spectra of Fig
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3.35(a)to(c) the reduction in the area under the GaKa peak is a measure of the number of 
Al atoms effectively replacing Ga atoms. In other words it is possible to compute the 
percentage of the Al atoms occupying the Ga sites, x, in Ga,.xAlxAs from ’R’ the relative 
ratios of the areas under the GaKa and AsKp peaks of the respective samples as compared 
to the GaAs specimen using the following simple relation:
R goAs ~RGa^ yLlfAs ^.4
* =  R-----------
* ' - G a A s
We have compiled the experimental values of R and x for GaAs and the two 
epitaxially grown layers of known Al content (Table 3.8). The excellent agreement of the 
experimental results with the expected values in the last two columns encourages us to 
extend the analysis to estimate the average Al content of the synthesized Ga,.xAlxAs 
layers.
Figure 3.36(a) to (c) presents the normalized electron induced x-ray spectra for the 
unimplanted GaAs, the samples EK2 and EK1 respectively. The similarity between 
Figures 3.35(a) to (c) and Figures 3.36(a) to (c) further confirms the formation of 
GaPxAlxAs by ion implantation. As before, the values of R and the corresponding average 
value of the Al content, x, are evaluated and compiled in Table 3.8. For comparison, we 
also give values for the average Al mole fraction ,x, obtained from SIMS measurements 
of the Ga profile for samples EK3, EK2 and EK1. The x values were obtained by 
assuming stoichiometry which is confirmed by the electron diffraction data and a Ga 
atomic concentration in GaAs of 2.2x10“ cm 3. The variation of the average Al content 
x, as a function of implanted Al dose is given in Figure 3.37. When the retained 
aluminium concentrations, after annealing at 950°, as measured from SIMS data, are
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plotted against dose the curve is seen to saturate at high dose values. Comparing this 
curve with a second curve plotted from x-ray microprobe data the similarity of both 
curves endorses the accuracy of x-ray data measurements.
SAMPLE ALDOSE
(ion/cm2)
R=GaKc/AsKp
Aluminium
(EXPECTED)
Fraction
(MEASURED)
GaAs - 18.2 0 ;
Ua0.83Al(U7As - 15.1 0.17 0.17
Ga0.7Al03As - 12.4 0.30 0.32
EK4 5xl015 17.4 - 0.04
EK3 3xl016 16.1 0.12* 0.12
EK2 5xl016 15.7 0.15* 0.14
EK1 lxlO17 14.7 0.22* 0.19
* The average aluminium value in the bulk as measured by SIMS
Table 3.8 Summary of electron microprobe analysis of 
the various specimens.
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Fig. 3.35 Electron microprobe x-ray spectra for (a) GaAs, (b) 
Gaa$3Alai7As, (c) Ga07AI0JAs.
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Fig. 3.37 The variation of the average mole fraction of Al in 
GalxAlxAs as a function of the implanted aluminium dose.
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3.4.5.2 X -R ay E D S  m ethod  using  the A l  p ea k  to calculate the  a lu m in iu m  m ole  
fra c tio n  value (x).
This method of calculating the aluminium mole fraction in AlGaAs layers is well 
established and it has been widely used for the measurement of mole fraction [3.3, 3.11]. 
It does not use the gallium concentration difference (the reduction in the gallium peak) to 
estimate the concentration of aluminium but measures the aluminium concentration 
directly from the area under the aluminium peak. This is not straightforward. It can be 
seen from figure 3.38 that, the x-ray emission peak at 1.5keV is from the core level of 
aluminium (A1KJ. This peak overlaps that of the arsenic peak (AsLJ at 1.4keV. The 
JEOL JSM35 C.F. Philips SEM system has the capability for peak stripping, eliminating 
both the AsLa and the GaLa and leaving the AlLa line alone. Therefore a correct 
measurement of the aluminium concentration can be made after calibration with an 
epitaxially grown AlGaAs layer of well known concentration. The results of table 3.9 are 
collected from samples implanted with different doses and annealed at the same 
temperature. An average of 3 readings was taken for each sample. The effect of 
background counts has to be subtracted from the aluminium signal. This can have a 
significant effect for the samples with low dose implants. The data in table 3.9 are 
plotted in figure 3.39. The expected correlation between the implantation dose and the 
value of x is clear.
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Implantation 
dose (ions/cm2)
mole fraction
(x)
M J K A * 0.30
lxlO17 0.20
3xl016 0.18
2.5xl016 0.16
5xl015 0.1
Table 3.9 Calculated values for the aluminium mole fraction 
value, x.
3 .4 .5 3  Q ualitative analysis using  W D S
In the wave-dispersive method (WD) aluminium element identification inside GaAs 
sample is done by determining the angles at which Bragg’s law is satisfied as the 
spectrometer is scanned. Peaks are observed at those angles, 0B, at which the condition 
Xn = 2d sin0B is satisfied. The spectra in figure 3.40 show that large numbers of x-rays 
are detected for the high dose implant and a smaller number detected for the lower doses. 
From RBS (Rutherford Backscattering) measurements it was difficult to see the 
aluminium signal as it is buried under the GaAs background. Using the WD method for 
Al implanted samples the Al concentration can be determined qualitatively. The 
spectrum for high dose aluminium implanted samples, has a large aluminium peak and as 
the value of dose reduces the aluminium peak reduces.
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Fig. 3.38 Peak stripping of Ga and As from the EDS spectra leaving 
the Al peak only to calculate the Al mole fraction value, x.
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Fig. 3.39 The curve shows the aluminium mole fraction as a function 
of the implanted Al dose measured by the EDS method.
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Fig. 3.40 Shows the aluminium peaks corresponding to aluminium 
implanted GaAs with doses of (a) lxlO17, (b) 5x10“, 
(c)2.5xl0“ ion/cm2, (d) pure GaAs.
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CHAPTER 4
E X P E R IM E N T A L  R E S U L T S  F O R  S Y N T H E S IS  B Y  IO N  B E A M  M IX IN G  & A l
E N H A N C E D  D IF F U S IO N
4.1 In troduction
The synthesis of GalxAlxAs was also attempted by depositing a thin film of Al on a 
GaAs substrate followed by implantation with arsenic ions. This has been studied using 
Photoluminescence (PL), Transmission Electron Microscopy (TEM), Secondary Ion 
Mass Spectroscopy (SIMS) and Rutherford Backscattering (RBS). Following ion 
implantation the method of Secondary Ion Mass Spectroscopy has identified appreciable 
levels of Al to a depth of about 0.4pm. The nature of the Al distribution has been 
correlated with TRIM (Transport of Ions in Matter) simulations showing the interstitial 
distribution. Gal xAlxAs related emission was observed from photoluminescence of 
samples implanted with lxlO17 ion/cm2 of As+ at 150 keV through an Al-film of 580A 
thickness and Rapid Thermal Annealed at 950°C for 25 seconds. Transmission Electron 
Microscopy showed these layers to be single-crystal but containing many dislocation 
loops.
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4 .2  T h e  d ep o sitio n  o f  th e  a lu m in iu m  layer a n d  its analysis.
In this chapter a detailed study of Ga, xAlxAs synthesised by ion beam mixing of Al 
into GaAs by As+ isotope implantation at room temperature is described. Previous work 
by Fasto et al [1.3] on ion beam mixing Al into GaAs focused on the effect of 
implantation energy and temperature on the possible synthesis of GaAlAs. Aluminium 
layers of 580A and 650A thickness were deposited onto Liquid Encapsulated Czochrolski 
(LEC) <100> semi-insulating (SI) GaAs substrates at a chamber pressure of ~ HE5 Torr. 
The layer thickness was measured using a Rank Tayler Hobson Talystep and Rutherford 
Backscattering (figure 4.1). Subsequently As+ implants were performed at room 
temperature using energies between 150-300keV and at doses of 3x l016 and lxlO17 
ion/cm2 (table 4.1).
Channel Number
Fig. 4.1 The RBS spectrum obtained from a deposited aluminium 
layer on top of the GaAs.
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Sample
number
Energy
(keV)
Arsenic
doses
(As+/cm2)
Al layer 
thickness
R p(A ) of 
As+ 
into Al
A 150 lxlO17 580 830
B 200 lxlO17 650 1090
C 300 lxlO16 650 1620
Table 4.1 The processed samples and the implantation conditions at room 
temperature
The energy is selected so as to ensure that the projected range exceeds the thickness 
of the Al over-layer, figure 4.2(a). Following implantation the residual Al-layer was 
removed in 1 molar NaOH solution. The samples surface cleanliness and purity was 
checked using optical and Scanning Electron Microscopy (SEM). A clean surface was 
observed that had no residual damage, see figure 4.2(b). The samples were then rapid 
thermal annealed (RTA) using a double graphite strip heater [5.1]. Following RTA the 
encapsulant was removed in HF. Experimental SIMS profiles showing the distribution 
of Al in the as-implanted layers were compared with TRIM computer simulations. 
Dynamic SIMS analysis was performed using a Cameca IMS-3F machine employing a 
primary 0 2+ ion beam of energy 15KeV and positive secondary ion detection in order to 
optimise the sensitivity to Al. The beam was raster scanned over a 250|J.m square area 
and the data collected from the central 60qm square segment within this area. The 
relative sensitivity factor (RSF) for Al in GaAs was obtained from an as-implanted low 
dose standard.
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Fig. 4.2 (
+
As
1 Aluminium layer 
Mixing Region
(a)
(b)
) The AI/GaAs interface regions , with the mixing region 
in between.
) SEM image of the sample surface after etching the Al top 
layer with NaOH.
4.3  E le m e n t id en tifica tio n  a n d  dep th  p ro file  u s in g  S IM S
Figure 4.3-4.5 shows the distribution of Al in samples A, B} and C before and after 
annealing respectively. Also shown in these figures are the theoretical atomic profiles for 
Al determined from TRIM.
The theoretical profiles agree well 
with the SIMS, as-implanted analysis, the profile has appreciable levels of Al 
concentration to depths of -0.4pm. Comparing the as-implanted SIMS profiles for 
samples A, B and C enable us to assess the effect of implantation energy. After 
annealing the samples have an aluminium concentration of about the same value. 
Sample A has the maximum aluminium concentration on the surface. For specimens B 
and C there is very little movement in Al following RTA. A small reduction of the 
aluminium peak concentration is obtained after annealing at 950°C for 25 seconds. In all 
of these samples there are agreement between the as-implanted profile and TRIM curves. 
This results shows the qualitative aluminium profile distribution with depth (as explained 
in section 2.5.2 it is difficult to measure the aluminium concentration accurately)
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Fig. 4.3 SIMS depth profile of aluminium distribution with depth 
for sample A.
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Fig.4.4 SIMS depth profile of aluminium distribution with depth 
for sample B.
142
C
O
N
C
E
N
T
R
A
T
IO
N
 
(A
T
O
M
S
/C
C
)
DEPTH (MICRONS)
Fig. 4.5 SIMS depth profile of aluminium distribution with depth 
for sample C.
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4 .4  A lu m in iu m  co m p o sitio n  a n a lysis  u s in g  P L
Figure 4.6 shows PL spectra obtained from specimen A at a temperature of 77K 
using a p-i-n Germanium detector. A broad emission extending from above the GaAs 
band edge to shorter wavelengths is seen. We attribute this to the formation of 
Ga,.xAlAs. The majority of the Al emission occurs at about 780nm corresponding to an 
Al composition of x=0.06 while the shorter wavelength emission occurs at about 800nm 
corresponding to a maximum Al composition of x=0.24 (Adachi [5.4] 1985). The 
broadness in the emission peak could be due to variable aluminium composition values 
within the implanted region. Figure 4.7 is a second PL spectrum obtained at 77K using 
an excitation wavelength of 488nm and a GaAs detector R636 Photomultiplier. This 
detector is more sensitive in the wavelength range of 900nm to 300nm (Germanium p-i-n 
diode detector more sensitive in the range 900-1600nm). A broad emission from about 
900nm to shorter wavelength is seen which is attributed to the formation of A^Ga^As of 
varying x. The majority of the emission occurs at 640nm corresponding to an Al 
composition of x=0.24. The difference between figures 4.6 and 4.7 is probably related to 
the difference in detector efficiency over the wavelength range of interest and the 
difference in the excitation wavelength. Figure 4.6 was obtained using a laser 
wavelength of 488nm and so the sampling (penetration) depth is near the specimen 
surface where the Al concentration is higher (and AlGaAs of greater x value is present)
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Fig. 4.6 Shows the Photoluminescence at a temperature of 77K.
A broad emission extending from above the GaAs band 
edge to shorter wavelength is seen. This is attributed to the 
formation of Gal xAIxAs of varying x.
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W A V E L E N G T H  ( n m )
Fig. 4.7 Photoluminescence spectrum of sample B taken at 80K 
using GaAs detector.
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TEM sample preparation is destructive, consequently, TEM analysis is usually 
viewed as the last step in the history of the sample analysis. Plan-View micrographs of 
the as-implanted sample A showed a distribution of a large number of precipitates, fig. 
4.8(a), which is expected because the cascade mixing created by the arsenic ions has 
produced large numbers of defects. The diffraction pattern of the same structure shows 
splitting of the reciprocal lattice points, fig. 4.8(b), which indicates that in the implanted 
region the lattice is strained. The TEM micrographs from the ion mixed region show the 
as-implanted structure contains a large number of defects (precipitates) created by the 
high dose arsenic implant. These precipitates could be AlAs clusters or Al-As, Al-Ga 
complexes.
To release this strain and to return to the surface its crystal quality the sample was 
rapid thermal annealed at 900°C for 25 seconds. In contrast to the as-implanted sample, 
the annealed sample diffraction pattern is of that of a single crystal with no distortion of 
the lattice points. Noticeably the precipitates have disappeared leaving only dislocation 
loops, fig. 4.9(a). The bright-field micrograph shows a few dislocation loops of varying 
sizes only, fig 4.9(b).
4 .5  T E M  a n a lys is  o f  th e  fa b r ic a te d  la yer
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•8 (a) Bright field image of the microstructure of specimen B prior to 
RTA showing a high density of interstitial point defects.
(b) Corresponding electron diffraction pattern shows splitting of
reciprocal lattice points in <IIO> di rection. This is indicative of 
the lattice being highly strained.
49  (a) Bright field image of specimen B after RTA at 950°C for 25 seconds.
Microstructure is characterised by dislocation loops of varying sizes.
(b) Associated electron diffraction pattern is single crystal with no 
distortion of the reciprocal points.
This work describes a third method used for fabricating AlGaAs layers in GaAs by 
arsenic ion implantation. The arsenic implants will creat defects and defect paths through 
which the aluminium after being deposited on the surface diffuses during annealing, see 
figure 4.10. The different doses and energies of arsenic ions, are listed in table 4.2.
4 .8  D a m a g e  e n h a n c e d  d if fu s io n  syn th es is  o f  A lG a A s
Sample Arsenic
Implantation
Energy
(keV)
Arsenic
Implantation
Dose
ion/cm2
RTA details 
(°C/seconds)
R, 400 lxlO16 650/25
R, 200 lxlO16 590/30
t 2 200 lxlO16 590/35
R’ 200 lxlO16 Furnace only
Table 4.2 The arsenic ion implantation and annealing conditions of damage 
enhanced synthesis method.
Aluminium layers of 2500A thickness were electron beam deposited onto the 
as-implanted samples. The choice of the aluminium thickness of 2500A is a compromise 
between the need for some aluminium to diffuse through the implantation created defects, 
which need not be very high, and between the role of this 2500A aluminium layer as the 
encapsulant during annealing. Aluminium has been used by many workers on gallium 
arsenide as an encapsulant [5.10, 5.11], The next stage is to furnace anneal the sample at 
a lower temperature of 500°C for 1 hr. This is to eliminate the implantation damage 
while avoiding arsenic decomposing from the GaAs surface because there is a possibility 
of capping layer failure at temperatures higher than 500°C. Following the furnace
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annealing, the samples were rapid thermal annealed in the temperature range of 
590-650°C for the time range of 25-35 seconds. This additional annealing step is to 
eliminate what remains of the damage that has not already annealed out. Finally the 
aluminium layer was removed using NaOH for 35 minutes. All samples where checked 
under the SEM for surface cleanliness.
Photoluminescence analysis of the new layer. These were carried out in an 
Oxford Instrument C.F.1204 dynamic flow cryostat at liquid nitrogen temperature. A 
liquid nitrogen cooled Germanium p-i-n diode detector was used. The PL spectra 
obtained from sample R2 starts from 810nm up to 830nm, there is no clear indication from 
this wavelength range that AlGaAs has been fabricated. The PL signal itself is indicative 
of material of good crystal quality (see figure 4.11) but with no clear indication of an 
AlGaAs layer. For sample T2 a high arsenic dose was used and the PL signal of this 
sample starts from 810nm wavelength but again there is no distinguishable AlGaAs peak 
in this spectrum. PL spectra of all the rest of the samples showed signals similar to that 
of GaAs and GaAs related transitions.
SIMS study of the new structure. Shown in figure 4.12 is a qualitative dynamic 
SIMS profiles for Al in material R,. The Al signal extends up to ~0.3pm, which is well 
below the arsenic projected range of 0.15pm for sample R,. All other samples gave the 
same SIMS results which indicate that the aluminium and the new structure has diffused 
through the defects and defects paths. The material is of good crystal quality with the PL 
emission line extending from 810-830nm for sample R2.
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Fig. 4.10 The fabrication steps of AlGaAs by damage enhanced 
synthesis.
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Fig. 4.12 SIMS depth profile of aluminium distribution with depth 
for sample Rt.
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CHAPTER 5
DISCUSSION
In this chapter we discuss the theory and the practical results of chapter 3 and 
chapter 4. All the data is brought together and where appropriate related to the published 
data. A comparison of the various analytical methods used to calculate the layer 
thickness, aluminium mole fraction and implantation damage is made. Each of the 
techniques used have advantages and disadvantages and these are highlighted together 
with their importance to this work. This chapter is divided into two sections:
(i) a discussion of matched dual implant synthesis, and
(ii) discussion of ion beam mixing and damage enhanced diffusion.
In the matched dual implant synthesis, the starting material was studied using RBS, 
X-Ray and PL. The results show that the starting SI GaAs material is good quality and 
stoichiometric. The reason for studying the pure material was to provide a standard 
against which we could observe any changes in optical, chemical and structural 
characteristics after ion implantation and annealing. The choice of implantation condi­
tions associated with the As and Al implants i.e. doses, energy, temperature and the 
advantages of the dual implant and order of implant will be shown. Photoluminescence 
studies of the implanted and annealed structure shows an AlGaAs signal for both the dual 
implant and the ion beam mixing method and the effect of annealing temperature on the
5.1  In tro d u c tio n
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PL and dose are also discussed. RBS results show the successful synthesis of a buried 
layer of AlGaAs in agreement with the computer simulations of the spectra. The 
aluminium mole fraction value (x) was measured using RBS, PL, X-ray, and SIMS and 
the layer thickness was measured using RBS and SIMS. Studies of ion implantation 
damage were carried out using TEM, SEM, and RBS. The choice of rapid thermal 
annealing rather than furnace annealing is also explained. The results of chapter 4 on 
ion beam mixing and the damage enhanced synthesis, obtained from PL, SIMS and SEM 
are all summarised in this chapter and the evidence they provide of the successful 
synthesis of AlGaAs layers is discussed.
5.2 S Y N T H E S IS  B Y  M A T C H E D  D U A L  IM P L A N T
5.2.1 S tarting  m ateria l
A  low value for the RBS of the SI GaAs shows that the stalling material is 
good quality. The atomic concentration ratio of As and Ga indicate the material is 
stoichiometric i.e. both the arsenic and the gallium concentrations are equal. The 
electron induced X-ray results show the electron bombardment of the GaAs material 
produced GaKa and AsKa lines. The EDS quantitative results of section 3.2 agree with 
the theoretical prediction and this confirms that the material is stoichiometric in 
agreement with that of the RBS data. Photoluminescence was used to study the material 
optical quality. The band edge luminescence observed is that of GaAs, (figure 3.3) and 
agrees with documented GaAs data [3.1,3.2,5. ].
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5 .2 .2  Im p la n ta tio n  co n d itio n s
The energy of the ions selected was 400keV for the arsenic implant and 135keV for 
the aluminium. These values were chosen so that the projected range of both species is 
approximately at the same depth, so as to facilitate fabrication of a buried layer at a 
predictable depth. In a crystalline target the ion distribution depends on the orientation. 
If the ions are implanted parallel to a major axis or plane, some of the ions can penetrate 
to a depth more than that predicted in amorphous targets due to the channelling effect so, 
to achieve a reproducible implant profile, the crystal was tilted by 7° during implantation. 
Few ions entering the target are then directly channelled although it is difficult to avoid 
channelling completely and the possibility of tails can occur on otherwise Gaussian 
profiles.
Donnelly, [5.1], indicated that during implantation into GaAs, there appears to be 
an appreciable annealing stage around 150°C, and substantial differences can be found in 
GaAs samples implanted at room temperature and at temperatures above about 150°C. 
For the arsenic implant the ion beam current was kept below 5jjA , (table 3.1) and during 
implantation the substrate temperature was found to be less than 50°C, while for the 
aluminium implant the ion beam current value and the substrate temperature was even 
lower than that of the As implant. The temperature of all samples during implantation 
was found to stay below 50°C. Arsenic is a volatile material and had the temperature of 
the GaAs increased to a high value during implantation there is a possibility of 
decomposition. Such a low temperature (50°C) avoids radiation enhanced diffusion of 
the implanted species and stoichiometric balance is maintained.
Both As+ and Al+ dual implants were performed for a set of doses which varied 
between 5xl015/cm2 and lxlO17 ions/cm2. To calculate the theoretical aluminium mole
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fraction in AlGaAs the LSS theory was used (equation 2.7 of chapter 2). The effect of 
using high doses is to increase the lattice disorder [5.2]. A high temperature anneal is 
then needed to eliminate the implantation damage [5.3]. From the TEM micrographs of 
samples that were annealed at 950°C there are a number of dislocation loops that still 
exist after this anneal. The dislocation lines and dislocation loops are probably formed 
from simple defects, or as a result of complicated defects, annealing out only at extremely 
high temperatures. The density of GaAs is 5.36 g/cm3 but after implantation this value 
reduces by an amount equal 1.6x g/cm3, where x is the aluminium mole fraction 
incorporated according to the simple formula, (AlxGa,.xAs) density = 5.36-1.6x g/cm3 
[4.3]. The associated volume change is expected to be very small because the GaAs and 
AlGaAs have a very similar lattice constant. The aluminium ion sputtering effect is very 
small, (table 2.1), but the arsenic ion implantation caused more surface sputtering than 
that of the aluminium. For this reason the arsenic was implanted first followed by the 
aluminium implant. Sputtering is a function of several variables, M|} M2, E, and T, 
where Mt is the ion atomic mass, M2 the target atomic mass, E the ions energy, the 
ion dose and T the target temperature. Besides several other effects such as the target 
orientation to the incident beam, etc. a large value of sputtering yield can also lead to 
alteration of the implantation profile of the implanted ions. The modified Sigmund 
model of sputtering was used to calculate the sputtering yield of both Al implant and their 
values are given in chapter 2, (table 2.1).
A computer program called SUSPRE [5.4] was used to calculate, (1) the range 
profile and (2) the energy deposition profile of the ions in the target material. The range 
profile is calculated using the PRAL algorithm of Biersack [4.5], and the energy 
deposition profile of the ions in the target is calculated from the range profile, using an 
algorithm first suggested by Gibbons [5.5], developed by Fritzsche [5.6] and further
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developed for the use with PRAL by Webb [5.7]. The aluminium and arsenic atomic 
concentration profiles when plotted using PRAL, follow a Gaussian shape, figure 5.1 and 
5.2. From the curves and table 5.1 it can be observed that the projected range of the As 
and Al ions (0.15pm) are at the same depth. The experimental SIMS profiles confirm 
that this occurs in practice.
Ion Energy Projected Standard
(keV) Range Deviation
Rp(A) ARp(A)
As 400 1500 800
Al 135 1500 900
Table 5.1 The projected range and the standard deviation of 
As and Al implants calculated using SUSPRE.
From figure 5.1 (the aluminium PRAL profiles) the thickness of the implanted layer 
was calculated from the FWHM of each curve (tables 5.2).
Curve
No.
Dose
(ions/cm2)
FWHM
Thickness
(A)
1 lxlO17 1800
2 5xl016 2100
3 2.5xl016 2120
4 5xl0 ,<s 2200
Table 5.2 The buried layer thickness, calculated from PRAL curves of 
figure 5.1 for room temperature implants.
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We now compare the theoretical calculation of table 5.2 and the experimental 
results of SIMS data. The PRAL curves (figure 5.1) show that the maximum aluminium 
concentration is at 0.15pm from the surface with a spread on the profile of the aluminium 
concentration down to a depth of 0.3pm. These results agree with SIMS data of figure 
3.30 and 3.31, where the maximum aluminium concentration is found to be at the same 
depth. This agreement indicates that no significant long range aluminium diffusion had 
taken place during annealing.
A second comparison between the theoretical values and both the RBS and SEM 
layer thickness measurement has been made. The layer thickness measured by RBS for 
the highest dose implant at different annealing temperatures showed the maximum 
aluminium concentration is at a depth of 0.18pm. This agrees with the theoretical value 
in table 5.2 for the highest dose implant. In the case of the high magnification SEM 
image of the cross-sectional structure (figure 3.29) after etching, good agreement was 
obtained with the above results considering that the GaAs and AlGaAs atomic density are 
very close and the volume change taking place due to ion implantation is very small. To 
summarise the studies of the layer thickness show that a predictable thickness of an 
AlGaAs layer can be synthesised by controlling the implantation energy and the 
annealing temperature. This is so despite the fact that the measurement of the aluminium 
concentration using SIMS is susceptible to an error in calculating the aluminium 
concentration (because of the changes in the aluminium sputtering yield). The depth 
measurement obtained from SIMS is still reasonably accurate for calculating the Al 
profile.
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Fig. 5.2 The arsenic theoretical PRAL profile for 400keV room 
temperature implant, for 4 different doses, (1) lxlO 17, (2) 
5xlOu, (3) 2.5x10“, (4) 5xI015 ion/cm2.
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5 .2 .3  D u a l im p la n ts  a t a n  e leva ted  im p la n t tem pera ture .
There are some ambiguities in the earlier work by Hunsperger et al [1.14] and Belyi 
et al [1.16] regarding the hot implant method of synthesising AlGaAs. In their work they 
did not clearly identify the synthesised layer from its luminescence signal. Also in both 
cases there was no detailed description of the experimental conditions, eg. the ion beam 
current value and its effect on the implantation temperature. Also in the case of Belyi et 
al [1.16] no capping layer was used during the subsequent annealing of the samples.
The method of hot implants was used for both the As and the Al implants. A hot 
stage was used to heat the samples to a maximum steady state value of 230°C during the 
course of the implant and the ion beam current value was kept below 5|liA so that the 
final temperature is not more than 230°C for the duration of the implants. After this the 
samples were capped and rapid thermal annealed at 850°C for 25 seconds. The samples 
were then studied using RBS and a value of %m}n =5% obtained (figure 3.18). This 
indicates that the material is crystalline in structure and all the damage has been 
eliminated. Also in the same figure the random and channelled spectrum of the as 
implanted samples are shown (curves 1 and 2 respectively), while curve 3 is that of room 
temperature implant and 850°C annealing temperature only. All these figures plotted in 
figure 3.18 show the effect of implantation and annealing temperature on the shape of the 
spectra. This is summarised as follows, implantation at 230°C has produced damage in 
the GaAs material and this damage extends from the surface to a depth of 0.2pm (curve 
2). After annealing at 850°C for 25 seconds the damage was eliminated (curve 4) and an 
AlGaAs layer (curve 1) with a %min value equal to that of pure GaAs material obtained. It 
is supposed that additional annealing was taking place during the course of the hot 
implant which did not occur for the room temperature implant. Our experiments
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indicated that an increase of the target temperature to 230°C provided an effective means 
of obtaining crystals with near "perfect" surface layers. We conclude that a considerable 
reduction in implantation damage was achieved by using the hot implant method, which 
indicates that annealing of implantation damage took place during implantation.
5 .2 .4  M a tch ed  dua l im plan t a n d  stoichiom etry
During implantation atomic recoils occur within the implanted region. The damage 
created by implantation is of many types and complexity, but during implantation recoils 
create a large number of vacancies and interstitials. To eliminate this damage and to 
obtain good crystal quality and stoichiometry the samples have to be annealed at the 
correct combination of time and temperature. The theoretical calculation of the 
concentration of Ga and As vacancies at different depths in this work are based on 
TRIM-Cascade [5.9] analysis. Figure 5.3 is plotted using a TRIM-Cascade analysis of 
arsenic ions into gallium arsenide. It is observed that an excess concentration of and 
V M (gallium and arsenic vacancies) are present down to a depth of 3200A (i.e. throughout 
all the implanted region for the 400keV As+ implant). The maximum concentration of 
these vacancies occurs near to the surface. While the arsenic vacancies were 
compensated by an excess of arsenic ions, the gallium vacancies are filled by aluminium 
atoms during annealing.
The experimental results of RBS, SIMS and X-ray analysis endorse the theoretical 
calculation of the concentrations of vacancies created as mentioned above. The RBS 
spectra of figure 3.12 and 3.15 and the SIMS profiles of figure 3.30 and 3.31, all show 
there is a reduction in the gallium yield in these curves within the implanted region. 
Also the reduction in the gallium concentration within the implanted region (x-ray
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analysis) was quantified (section 3.4.5) to calculate the aluminium mole fraction value 
(fig 3.35 and figure 3.36). These vacancies can be different types, i.e. single or double 
gallium and arsenic vacancies or possibly a complex of both vacancies. A general 
picture of the kind of vacancies that can be created by ion implantation can be found in a 
review article by Wilson [3.14].
One of the advantages of using ion beam synthesis is the control over the depth of 
the synthesised AlGaAs layer simply by the adjustment of the implantation energy. To 
keep the aluminium within the implanted region during annealing and to maintain 
stoichiometric balance of group ID and V (Al, Ga on one side and As on the other) an 
excess of arsenic ions of the same dose value as that of aluminium was implanted [5.8]. 
Thermodynamic studies show the importance of quantitatively matched dual implants in 
building up a lattice (this is based on the Heckingbottom and Ambridge [1.21] theory of 
ion implantation in compound semiconductors). During implantation an excess of 
gallium and arsenic vacancies are created in the implanted material. Annealing is then 
needed for proper reconstruction of the damaged lattice and to synthesise a good quality 
AlGaAs layer. This is dependent on the availability of Al and As in the correct 
proportions within the implanted region. The solid phase diffusion of the lattice elements 
in GaAs are small, (see figure 5.4). Because at the annealing temperatures employed the 
time is short (25 seconds), the aluminium is likely to remain within the implanted region 
during annealing. Using the Heckingbottom & Ambridge theory the aluminium sits on 
the Ga sub-lattice of the GaAs material according to the reaction ;
A1w ^ A1c/+ Va/- 5.1
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Where Al(g) is the implanted ion, AlGa* is the Al atom on a Ga lattice site in the 
crystalline GaAs, is the vacant As site. Also the implanted arsenic ( As(g) ) will 
follow the reaction;
+ 5.2
Where As(g) is the implanted As+ ion, VMX is the arsenic vacancy and As^ is the 
arsenic atom on arsenic sub-lattice. During annealing and recrystallization, both the 
arsenic sub-lattice and gallium interstitials will be incorporated in forming the AlGaAs 
single crystal. The order of implantation is important because if arsenic is implanted 
after aluminium the former may cause aluminium sputtering and recoil displacement 
from within the implanted region [2.3].
The basics of the Heckingbottom and Ambridge theory is that in order to obtain a 
stoichiometric material quantitatively matched dual implants are required. This means a 
dopant for one sub-lattice of the GaAs compound implanted (i.e. Ga implant) requires an 
equal amount of the host atom on the other sub-lattice to be implanted (i.e. arsenic 
implant). Their predictions agree with the earlier work by Itoh and Kushiro [1.20] who 
suggested pre-implants of equal doses of arsenic plus cadmium implants were required to 
produce the characteristics of their implanted layer. For dual implants the lattice 
components are available in the correct proportion near the growth front. Therefore 
solid phase epitaxial growth (synthesis) can be achieved during annealing. The 
movement of the damage peak ( back edge ) of the RBS channelled spectra (figure 3.16) 
towards the surface indicates that the regrowth process is taking place towards the surface 
of the GaAs. The layer stoichiometery can be confirmed from the PL signal (figure 3.5)
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where only distinguishable AlGaAs and GaAs signals can be seen in this figure. This 
indicates the presence of a two layer structure. Also the TEM diffraction pattern from 
the synthesised AlGaAs layer is that of a single crystal (figure 3.25).
Depth (Angstrom)
Fig. 5.3 TRIM-CASCADE calculation of the stoichiometric distri­
bution for 10000 arsenic trajectories in GaAs.
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Fig. 5.4 Shows the As and Al diffusion curves in GaAs as a function 
of temperature [Ref. 5.22].
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5 .2 .5  R a p id  T h e rm a l A n n e a lin g  (R T A )
Rapid thermal annealing was employed in this work. The short time required to 
reach the desired temperature is useful in limiting any diffusion effect during annealing. 
If diffusion takes place then aluminium can move from within the implanted region to the 
substrate or out to the capping layers reducing control over the composition or the depth 
of the synthesised AlGaAs layer. The complete annealing of implantation damage 
depends on many factors such as, the annealing method, time and temperature. It also 
depends on the material and the implantation dose. With increasing implantation dose, 
an increase in damage occurs. A high annealing temperature is then required to 
eliminate this damage. The stoichiometry of the new material was confirmed as the 
TEM selected area diffraction pattern obtained from this layer is that of a single crystal. 
A set of annealing temperatures between 600-1150°C was then used to find the optimum 
temperature for synthesis. In this range a gradual removal of dislocation loops and the 
disappearance of precipitates was seen using TEM, (figure 3.23 and figure 3.24). Our 
best results were obtained for samples annealed at 950-1000°C as identified by RBS and 
PL (figure 3.5 and figure 3.12). Also the effect of annealing temperature can be 
appreciated by looking at both figures 3.10 and 3.20. At low annealing temperatures 
(750°C-850°C) (figure 3.10) the PL signal of the AlGaAs layer with identifiable 
bandgap energies is small, but at higher annealing temperatures the AlGaAs bandgap 
energy values are easily identifiable. This can be explained from the curve of figure 3.20 
which is plotted from the RBS data. For annealing temperatures of 750°C-850°C the 
material still has a large value of i.e. the material is still highly damaged. Therefore 
the PL signal from this material is expected to be very small (because the large number of 
defects still exist suppresses the luminescence signals) and this was confirmed from the
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PL result of figure 3.10. The best results were obtained for samples annealed between 
900-1000°C as identified by RBS and PL results. There are two possible explanations 
for this. Firstly at these temperatures a large decrease in implantation damage is 
observed and secondly the rate of creation of Ga vacancies increases with temperature 
[5.27]. Hence the aluminium incorporation rate increases with increasing temperature.
5 .2 .6  T h e  e ffec t o f  a h igher  annea ling  tem perature
The phase diagram of gallium arsenide [5.19, 5.20], shows that above 1000°C the 
possibility of non-stoichiometric growth increases which places a limit on the maximum 
annealing temperature that could be used. This is because there will be some arsenic loss 
from the GaAs surface and the rate of loss will increase with increasing temperature. 
The cause of the arsenic segregation is associated with the chemical nature of GaAs, i.e. 
the atomic bonds between the arsenic and gallium atoms break at these higher 
temperatures. The effect of annealing is also observed from the RBS spectra (figure 
3.16-3.18). The damage region produced by ion implantation reduces with increasing 
annealing temperature.
Rapid thermal annealing above 1100°C caused the encapsulant layer to fail and 
subsequently arsenic segregation from the surface produced islands of gross damage 
(figure 3.27). The SEM pictures show there are square shaped pits on the capping layer 
surface indicating the failure of the capping layer (figure 3.28). The X-ray electron 
microprobe spectrum from one of these islands of damage caused by the capping layer 
failure ( figure 3.21) shows it is gallium rich.
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5 .2 .7  T h e  u se  o f  d if fe re n t a n a ly tica l tech n iq u es  f o r  id en tific a tio n  o f  th e  A lG a A  s
The synthesised AlGaAs layer using dual implants has been identified and analysed 
by several methods namely PL, SIMS and RBS. In the case of PL it is not possible to 
obtain a signal for the as-implanted samples because of the high level of damage 
associated with the high dose implant, which created a large number of defects which act 
as non-radiative centers [5.10,5.11]. PL signals from different samples annealed at 
different temperatures gave peak PL signals at different energy. As the annealing 
temperature increases, the dominant PL signal becomes narrow and two distinguishable 
peaks can be observed in the spectrum. The high dose, high temperature implant, 
(figure 3.5), produced the best PL signal. There are two main peaks, the first is a broad 
peak with a large energy band gap and the second is a narrow peak at lower energy. The 
explanation for the broad AlGaAs signal is that x and therefore the bandgap energy varies 
throughout the layer. The increased concentration of aluminium within the implantation 
region has increased the number of aluminium atoms sitting on gallium sites. This is 
identified from the clear PL signal of the AlGaAs layer corresponding to that of the high 
implantation doses at high annealing temperatures. At the lower dose value it is 
difficult to distinguish any AlGaAs related PL signal, (figure 3.7). The effect of 
annealing temperature is shown in figure 3.10. At low annealing temperatures there is 
no indication of any AlGaAs emission lines from the PL signals but for 850°C and higher 
all the band edge luminescence obtained has AlGaAs related peaks (peaks of larger 
energy than the GaAs), and the increase in the band-gap energy increases with increasing 
temperature. The advantage of using PL is that it is a clean and non-destructive method 
of analysing the samples optical characteristics.
RBS was used to obtain additional information on these layers. The data was
171
quantified to give accurate analysis of the synthesised layer. Figure 3.12 shows RBS 
spectrum from a GaAs sample implanted with Al and As doses of lx l0 17/cm2 and then 
rapid thermal annealed at 950°C. The amount of aluminium in this layer can be 
estimated from the reduced gallium region and from the increased counts in the 
aluminium region of the spectrum. Calculation of, x, the aluminium mole fraction from 
the AlxGa,.xAs layer using RBS is not a straight forward method because of the limitations 
imposed by the aluminium having a low atomic number and hence the GaAs background 
swamps the aluminium signal. The diffraction pattern associated with figure 3.12 is 
collected from the synthesised buried layer and the clear spot pattern indicates the 
crystalline nature of the structure. The SEM pictures show clearly a buried layer 
approximately G.3pm thick. The RBS results agree with the computer simulations 
which confirm the synthesis of AlGaAs layer. The reduced yield signal for the Ga and 
the increased yield signal of Al (figure 3.12) for the synthesised AlGaAs are matched by 
that obtained by the computer simulations. This can be seen in figure 3.13 and 3.14. 
The simulation program input data takes into account the analysing He ion beam 
conditions such as, energy, resolution etc., and also takes into account the physical 
structure of the implanted material.
The effect of annealing temperature and implantation temperature for the dual 
implant method has been shown clearly by SIMS. Chemical analysis of the sputtered 
species from the synthesised layer by SIMS shows a correlation between the decrease of 
the gallium concentration and in the same region there is a peak in the aluminium 
concentration. This is an indirect method of identifying the AlGaAs layer based on the 
assumption made earlier of the layer being stoichiometric, i.e. the Al is sitting on the
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gallium sites. The ion implantation damage reduction by capping and RTA as shown 
from RBS and TEM results plus the SIMS results indicate that it is possible to synthesise 
AlGaAs with good control over the aluminium concentration in the implanted region.
5.2 .8  T h e  use o f  R B S  a n d  T E M  in  the study o f  im plantation dam age
The advantage of using ion implantation in the synthesis of AlGaAs layers is the 
capability of controlling the introduction of aluminium ions into the GaAs (Substrate up to 
the required value. It is important to eliminate all the implantation damage while 
maintaining stoichiometric material, i.e. there must be no arsenic loss. We found that 
RTA is a suitable method of annealing because the short annealing time reduces the 
possibility of arsenic loss. During implantation as the ions come to rest and interact with 
the target nuclei, they displace some of the nuclei from the lattice sites, and in some 
instances initiate a cascade of displacements. The amount of damage generated depends 
on the ion mass and the temperature of the substrate. In general heavier ions create more 
damage but at higher implant temperatures defects are more mobile and annealing can 
take place during the course of the implant.
To form AlGaAs buried layers, high doses of As+ and AT are required but these 
high doses create large amounts of damage within the GaAs. A TEM study of the 
as-implanted samples showed the material is disordered and amorphous. Rapid 
Thermal Annealing of the sample produces a reduction in the amount of radiation 
damage, which is observed from the RBS channelling spectrum of figure 3.16. The area 
beneath the peaks of the aligned spectra of figure 3.16 (no. 2-5) is a measure of the 
amount of damage caused by the implantation process. At low anneal temperatures the 
peak is still high thus the material is still disordered, but after annealing at higher
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temperatures a considerable reduction takes place. The reduction in the amount of 
damage in terms of defects/cm3 can be visualized from figure 3.17 (page 96). The defect 
concentration as a function of depth was calculated from the area under the channelled 
spectrum of figure 3.16 and plotted in figure 3.17 [2.26]. The smallest amount of 
residual damage occurs after annealing at 950°C (fig. 3.17). From figure 3.12, figure 
3.16 and figure 3.17 it was found that in the synthesis of AlGaAs, the annealing 
temperature has a dominant role in damage control and damage reduction, and this can 
also be seen from the TEM micrographs. The transition area from a highly damaged 
region to a crystalline layer is not abrupt but during epitaxial recrystallization defects can 
migrate from the area of high damage density into the recrystallized area. The damaged 
layer extends from 2700A deep for the as-implanted samples up to the surface. 
Recrystallization can then begin at the damage layer-crystalline substrate interface and 
continue up to the surface. The channelling RBS studies of the reduction in damage (% 
min), show that most of the damage anneals out for temperatures between 900°C and 
1000°C. Below 750°C damage reduction was taken to be constant, i.e. the value of x ^  
does not vary. It was found that an annealing temperature of 1000°C can anneal out 
most of the damage without causing material degradation. The new AlGaAs layer was 
easily distinguished by its RBS spectrum (figure 3.12) and the TEM diffraction pattern, 
taken from the synthesised region, is that of a single crystal. From the 
Photoluminescence study combined with TEM, it is found that at low anneal 
temperatures the bandgap energy value is comparatively small, which may arise because 
not all of the damage has annealed at this stage leaving a cluster of precipitates. All 
these precipitates have disappeared after annealing at high temperatures and a layer of 
AlGaAs with a large bandgap was then obtained.
The optimum annealing temperature was found to be between 900-lG00°C to
174
produce a layer with minimal damage. Another method of studying damage reduction is 
explained in chapter 3 section 3.4.2.3 (page 95), where a high temperature implant (at a 
steady value of 230°C) was carried out into GaAs samples. The samples were then rapid 
thermal annealed at 850°C to eliminate the remaining damage. Comparing the RBS 
channelling spectrum with that of a sample implanted at room temperature and then 
annealed at 850°C a considerable difference was observed. For the elevated temperature 
implant, at 230°C the RBS spectrum is almost the same as that of pure GaAs material and 
has a value equal to 4% see figure 3.18 (page 97). The room temperature implant 
and RTA at 850°C alone gave a x^  value equal to 50%. The change in x^n due to 
variation of the target temperature during implantation was more complex than the 
behaviour of the damage associated with room temperature implantation. Our 
experiments indicated that an increase of the target temperature to 230°C in the case of 
both As+ and Al+ implants in GaAs followed by a rapid thermal anneal at 850°C provided 
an effective means for obtaining an AlGaAs layer with an almost "perfect" crystal 
structure. Besides RBS, TEM was also used as a complementary method to study the 
implantation damage caused by arsenic and aluminium implants. TEM micrographs 
were taken for samples annealed between 650°C and 950°C plus some micrographs were 
also taken for as-implanted samples. The as-implanted samples have a large number of 
grains, these vary in size and may have originated from small crystallites with different 
orientation than that of the matrix. Also the selective area diffraction pattern from this 
structure showed rings of diffused intensity with many spots. This is an indication that 
the material is polycrystalline. The cycle of defect reduction as a function of temperature 
is shown in the TEM micrographs. The x^  values from the RBS spectra are listed in 
table 5.3. This table is a combination of RBS and TEM data obtained from the highest 
dose implant.
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Specimens
Annealing
Temp
(°C)
Appearance of Damage 
with TEM
650 highly damaged, fine Moire 
fringes,high density of 
precipitates, splitting of the 
diffraction pattern spots
0.57
f  750 Dislocation and loops, low 
density of precipitates
0.50
850 Fewer precipitates, 
dislocation and loops
0.34
950 No precipitates, few 
dislocation, single crystal 
diffraction pattern
0.25
1000 • 0.05
230 
Hot-Implant + 
850°C RTA
——— 0.04
Table 5.3 RBS and TEM data for GaAs sample implanted with 
lx l0 17ions/cm2of As and Al at room temperature
An overall comparison of the RBS and TEM studies of the synthesised layer can be 
easily visualised from table 5.3 above. One of the disadvantages of TEM analysis is that 
it is destructive (see page 63), because of the etching and ion beam milling that is needed 
to get to the area of interest and then the sample cannot be used for different analysis 
later. Besides the destructiveness of the technique it is very slow because of the time it 
takes to prepare samples.
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5.2.9 Com parison between R B S , S IM S  a n d  X -R ay m icroprobe resu lts  in  the  
calculation o f  a lum in ium  m ole fra c tio n , x.
The aluminium mole fraction x, was measured using RBS, SIMS and electron 
induced x-ray methods. Table 3.4 and figures 3.19 (page 99), explain the use of RBS 
data in the calculation of the value of x. The value calculated from RBS data (figure 
3.19) was a function of annealing temperature where the increase is almost linear with 
temperature. For annealing temperatures between 900-1000°C most of the aluminium 
has been incorporated.
The disadvantage of using RBS is that the Al signal is buried by the GaAs 
background. This explains why it is difficult to obtain a clear Al signal for the low dose 
implant sample (low aluminium concentration). There is also a 5% error in the RBS 
computer simulation which adds to the total uncertainty of the calculation.
The second method of calculating the mole fraction value (x) was using the 
microprobe (or electron induced x-rays technique), section 3.4.5. The electron x-ray 
microprobe method was chosen, as opposed to sputter Auger Electron Spectroscopy 
(AES), because the former is nondestructive in nature and the latter can over-estimate the 
value, owing to surface enrichment of Al during sputtering. An analysis employing the 
election probe is a simple and accurate method of calculating the value of x. Two 
approaches were employed, the first was based on calculating the changes (reduction) in 
the normalized Ga x-ray peaks (GaKa and GaKp) for several doses and also for pure GaAs 
and epitaxially grown AlGaAs materials with known x, for calibration. The reduction in 
the normalized GaKa area as a result of aluminium replacing the Ga sites are quantified 
and listed in table 3.8. The synthesised layer of AlGaAs extends to a depth of 0.3jim, 
therefore the electron beam excitation energy is chosen so that most of the emitted x-rays
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are collected from the implanted region. The area under each Ga peak represents the 
amount of Ga within the excited volume and from these normalized areas (to that of the 
As area which is constant) difference the percentage ratios of x for different samples were 
calculated. Analysis was made at three different regions and the average value is quoted. 
We found the error between different regions to be less than 1%. When the Al replaces 
a Ga atom in the synthesised AlxGalxAs layer, this layer possesses a fraction, x, less Ga 
atoms less than the GaAs sample. Hence, comparing the normalized area under the 
GaLa curve of the synthesised layer to the GaLt lines of GaAs the value of x can be 
calculated to a good degree of accuracy. In each spectrum GaLa is normalized to the 
AsK so that the area under each curve can be used to work out the aluminium mole 
fraction value, x, (figures 3.35 and 3.36). Graphs of dose versus the aluminium atoms 
incorporated are plotted in figure 3.37 (page 130) and show that the aluminium 
incorporation reaches saturation for high dose implants which indicates that all the 
aluminium has been incorporated.
In the second method of x-ray microprobe analysis all the elements are identified by 
their energy transitions and the result of the direct measurement of the area under the Al 
peak of the EDS x-ray aluminium line shows clearly the presence of Al in the implanted 
GaAs and the area of each signal increases with increasing dose. When compared with 
the aluminium signal of an epitaxial layer of AlGaAs, which has a known aluminium 
concentration, a quantitative value of the aluminium concentrations could be calculated. 
Figure 3.39 was plotted using the method of calculating the aluminium mole fraction 
described above. The data was collected from the same samples as that used for the 
first method of quantification from the area of the Ga peaks. It can be seen that there is 
good agreement between this curve for the range of doses used, and the curve of figure 
3.37 and the only discrepancy is at low dose values. This is because the second method
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of the x-ray microprobe is not sensitive to samples with a low dose value because of the 
background signal associated with the GaAs having a large statistical error associated 
with it.
Another approach to the calculation of the aluminium mole fraction value, x, and its 
distribution was from the SIMS results. During SIMS analysis the surface is bombarded 
with a low energy ion beam and the sputtered species from the surface are emitted as 
neutrals, positive and negative ions, singly and multiply charged and as clusters of 
particles. A basic assumption in this method is that the SIMS intensity depends linearly 
on the concentration and that the sputtering rate of aluminium is constant throughout the 
measurement [5.14, 5.15, 5.16]. An ion implantation standard is used to estimate the 
relative sensitivity factor (RSF). Lateral homogeneity is assured by adequate rastering of 
the ion beam [5.12, 5.13]. Other techniques like RBS and microprobe analysis were used 
to confirm the Al concentration in the standard. It is difficult to extract precise 
concentration profile information from the SIMS data unless a constant primary ion 
intensity and uniform ion current density is maintained over the secondary ion extraction 
area of the sample. The SIMS data of chapter 3, section 3.4.4, show clearly the 
aluminium distribution with depth and all have a maximum concentration at the predicted 
projected range. Associated with such a high concentration of Al is a decrease in the Ga 
signal (figure 3.30-3.31) within the same region. This shows that aluminium atoms are 
sitting on Ga sites producing a reduction in the Ga signal, this is similar to the result 
obtained from the EDS method and that of the RBS. For composition analysis the value 
for the aluminium mole fraction value, x, calculated from the EDS microprobe data is 
compared to the SIMS measurements of the Ga profile for samples EK3, EK2 and EK1. 
The x values were obtained by assuming stoichiometry. This is confirmed by the 
electron diffraction data, and a Ga atomic concentration in the GaAs of 2.2x10“
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atoms/cm3. The variation of the average Al content, x, as a function of implanted Al 
dose is given in figure 3.37. When the retained aluminium concentration, after 
annealing at 950°C, as measured from the SIMS data, is plotted against dose the curve is 
seen to saturate at the high dose values. Comparing this curve with the second curve 
plotted using the EDS X-Ray data the similarity of both curves endorses the accuracy of 
the x-ray microprobe data and the accuracy of the x-ray data measurements.
5.2.10 The advantages and limitations o f the methods used to calculate the A l mole 
fraction
From RBS there is approximately a 10% variation in the accuracy of the mole 
fraction calculation. This is because of the difficulty of obtaining a clear Al signal and 
because of the 5% error in the simulated spectra. To synthesise other compounds like 
GalnAs, RBS can be more accurate because the indium signal is separate from the GaAs 
signal and therefore accurate calculation of the indium concentration can be made.
Direct calculation of the aluminium concentration using SIMS is not accurate 
because the aluminium concentration value of the profile does not represent the true 
aluminium concentration. This problem arises (as mentioned earlier) because the surface 
sputtering rate of samples changes with changes in the aluminium concentration. This 
point is still under investigation by many SIMS users. Finally the best method found to 
calculate the aluminium mole fraction value is x-ray microprobe because of: 
a- the short acquisition time; 
b- accurate and reproducible results;
c- it caused no damage to the material analysed hence several runs can be made on the
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d- it is easy to see which section is being analysed under higher magnification on the 
SEM screen;
e- most EDS systems have a good computer system which makes analysis and displaying 
of results easy. Also the computer can help in obtaining digitally imaged high 
magnification colour pictures of the layer structure. The use of EDS in semiconductor 
structure analysis is reasonably new so there are very few publications on its application.
same sample;
181
5.3 Syn thesis by ion beam  m ixing
We have carried out the arsenic implantation through two different thicknesses of 
aluminium films deposited on GaAs. The implantations were carried out at different 
energies and doses of As+ ions. The Ga,.xAlxAs compound synthesised which was 
characterised by its photoluminescence spectrum (recorded at 77K) has a composition 
value x=0.06 to 0.24 (figure 4.6 and 4.7). This variable value of composition is expected 
because the mixed layer at the interface between the GaAs and the Al layer will receive a 
variable distribution of the implanted As+ species. After implantation the aluminium 
layer was etched with NaOH, a solvent which only dissolves aluminium leaving clean 
AlGaAs [5.23]. The implantation damage is characterised by the large number of 
(precipitate) defects at the interface layer. The TEM micrographs show that the 
as-implanted samples have a high density of these precipitates. Implanted arsenic ions 
displace many atoms in the lattice during the cascade formation and this will in turn 
create vacancies and interstitials besides the arsenic ions within the interface region. The 
samples were rapid thermal annealed so as to form a region of Ga,_xAlxAs within the 
intermixed region where the concentration of the aluminium and arsenic is high. After 
rapid thermal annealing at 950°C a marked reduction in the precipitate density and 
dislocation concentration was seen. A single crystal diffraction pattern was observed for 
sample A of table 4.1. In addition the presence and brightness of the Ga^A^As 
photoluminescence emission line is indicative of material of good optical quality. The 
AlAs-GaAs system forms a solid solution and the AlAs phase will not exist at this 
annealing temperature [5.19]. The recoil atoms produced by the arsenic implants from 
the aluminium surface layer will create a cascade of aluminium atoms within the 
interface between Al and GaAs. SIMS results (figure 4.3-4.S) of the Al profiles, show
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there is a large concentration of Al within the GaAs surface. The presence of aluminium 
indicates that aluminium atoms from the surface layer have been displaced into the GaAs 
by the As ions. One important feature of the SIMS profile is that there is agreement 
between the aluminium profile and between TRIM curves of the as implanted samples. 
After annealing, only sample A shows a reduction in the aluminium concentration. This 
can be attributed to the fact that some aluminium out-diffusion took place during 
annealing. At higher energy the implanted ions will have more energy to lose to the 
target material hence the material surface atoms can be displaced further inside the GaAs 
material.
Besides the ion energy, the degree of damage to the surface layer of the gallium 
arsenide also depends on the ion dose. Consequently, irradiation of an Al/GaAs 
structure creates an AlGaAs layer and the degree of damage to this layer increases with 
increasing dose. Only sample A showed a Photoluminescence signal corresponding to 
that of Ga,.xAlAs. Therefore the possible synthesis by this method depends on the 
choice of the aluminium layer thickness, the penetration depth of the primary ions, 
implantation dose and annealing temperature. Photoluminescence results showed clearly 
the synthesis of a large bandgap material of Ga,_xAlxAs with a variable composition. 
SIMS with TRIM results showed the Al concentration and distribution with depth. TEM 
results showed that the Ga,.xAlxAs is a single crystal structure.
5.4 Synthesis by damage enhanced diffusion.
There have been several recent attempts on the use of defects created by 
implantation to enhance the intermixing of heterostructures like GaAs/AlGaAs [5.17, 
5.18]. Localized disordering of the GaAs substrate via ion implantation of arsenic has
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been proposed here as a third method for obtaining regions of AlGaAs integrated on the 
same substrate. Aluminium can diffuse via defects formed by ion implantation as 
shown in figure 4.10 (page 152). The amount of disorder depends on the ion mass, 
energy and dose. The arsenic atomic mass and the high dose value ensures a large 
number of defects will be produced within the implanted region to enhance the diffusing 
of aluminium. The reason for using arsenic ions is because arsenic is a lattice 
constituent and therefore is not a dopant. For this method SIMS was used to study the 
structure which showed a clear aluminium signal extending to a depth of 0.3pm. This is 
an indication of the aluminium diffusing through implantation created defects, into the 
bulk of the GaAs material. The PL band edge emission (Xmax=824nm) corresponds to a 
GaAs related transition. This emission line starts from 812nm corresponding to a 
bandgap equal to 1.53 eV. The high bandgap value may be due to defect levels within 
the synthesised AlGaAs layer. The large amount of damage introduced by the arsenic 
implant into the surface layer has created a large number of dislocations, defects, 
vacancies (include Ga vacancies) and interstitials. The aluminium can diffuse faster via 
these defects than through defect free material. It is possible that Al-Ga can interdiffuse, 
during annealing, leading the aluminium to sit on the gallium site forming AlGaAs. The 
SIMS results show that the aluminium atomic concentration profile extended to a depth 
of 0.2pm from the GaAs surface. More work is needed on this damage enhanced 
synthesis method. The implantation conditions and several analytical methods that have 
been used here can be used as benchmarks for further studies. Future work should 
concentrate on the mechanis'm of aluminium incorporation onto the Ga sites because 
SIMS has shown clearly that aluminium is diffusing through the implantation created 
defects, and the good PL signal is indicative that the damage can be reduced by 
annealing.
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C H A P T E R  6
CONCLUSION AND FUTURE WORK
6.1 Conclusion o f dual implant method
The synthesis of a buried layer of AlGaAs in GaAs has been demonstrated by 
co-implanting Al and As ions at room temperature followed by rapid thermal annealing. 
The synthesised layers are crystalline in nature with a varying density of dislocation 
loops. A predictable aluminium mole fraction, x, in the Al^Ga^As layer has been 
achieved by the method of matched dual implants. We have demonstrated that dual 
implants of As and Al into GaAs at room temperature and subsequent annealing is a 
fruitful method of synthesis of small selected areas. Direct bandgap AlGaAs buried 
layers with average aluminium mole fraction values, x, varying between 0.05-0.22, were 
synthesised. The value of x depends on the aluminium dose used. Ion beam synthesis 
can allow lateral definition which is not the case for most other growth methods and from 
the implantation energy and the matrix parameter the value of Rp and ARp can be chosen 
to give the required thickness. Both As and Al implants follow a Gaussian distribution 
profile so the energy of the implants of both species is chosen so that Rp is approximately 
the same. The implantations were made at room temperature and a few preliminary 
experiments at 230°C.
The synthesis has been studied from a consideration of solid state chemistry and it 
was found that matched dual implants of arsenic followed by the aluminium should be 
used. The carefully controlled amounts of aluminium give a predictable mole fraction 
value which is important in engineering the bandgap of the AlGaAs layer. The
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implantation damage region extended to a depth of approximately twice the value of Rp, 
for implantation at room temperature. The advantage of using the Rapid Thermal 
Annealing method, by employing a double graphite strip heater, is its short annealing 
time which is important in avoiding arsenic escaping from the GaAs surface during this 
process.
The importance of Rutherford Backscattering Spectroscopy in characterizing these 
layers has also been demonstrated. The backscattering results for composition analysis 
showed the Gaj.xAlxAs layer has an average aluminium mole fraction value of 0.22 for 
lxlO17 atom/cm2 implants. Comparing the RBS spectrum of the implanted structure 
with the spectrum of the computer program excellent agreement is obtained between the 
two spectra. Ion implantation damage reduction annealing in the range 600°C-1000°C 
was studied using RBS channelling. We found (a) most of the damage annealed out at 
approximately 1000°C, (b) the recrystallization started at the damage-crystalline substrate 
interface and continued towards the surface. Several analytical techniques were em­
ployed to characterise the synthesised structure. Rutherford Backscattering showed a 
reduction in the Ga yield value for high dose implants, and high anneal temperatures due 
to the As and Al implant which indicates that Al is replacing Ga. The RBS results also 
showed %^ n values reducing as the annealing temperature increases up to 1000°C but 
above this annealing temperature the capping layers started to fail. Transmission 
electron microscopy as an analytical technique for structure determination differs from 
the other techniques in that the sample preparation is destructive. Consequently, TEM 
analysis is usually viewed as the last step in the history of the sample rather than as part 
of a succession of measurements. Plan-view micrographs of the as-implanted sample 
showed a distribution of randomly orientated grains which varied in size. After 
annealing at 650°C the structure is still highly defective and contains precipitates,
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dislocation tangles and dislocation lines and loops. Samples annealed at 750°C show a 
large reduction in the density of dislocations and precipitates. Increasing the temperature 
to 950°C removes all the strain centers of large dimension leaving dislocation lines and 
loops along with fine damage and a diffraction pattern of a single crystal. Photolumines­
cence (PL) is a clean nondestructive technique. The energy of the emission lines is 
easily identified. Analysing ion implanted samples using PL is not a difficult process but 
because of the large number of defects associated with such implants the emission 
intensity can be reduced. The AlGaAs luminescence band is an indication of the 
formation of a new structure with the aluminium composition corresponding to that of the 
band-edge emission. Analysis of the synthesised AlGaAs using SIMS showed clearly 
that the aluminium extended throughout the implanted region. There is an associated 
reduction in the Ga concentration in this region which indicates that the Al is replacing 
the Ga atoms. SIMS results agree with the RBS data in that a reduction in the Ga signal 
occurs in the region where the AlGaAs is formed.
6.2 Conclusion o f ion beam mixing and damage enhanced 
diffusion methods
The synthesis of an AlGaAs layer by ion beam mixing the interface region of an 
aluminium layer deposited on top of GaAs followed by annealing has been demonstrated. 
A high dose of As is required and it is important to choose the implantation energy of the 
arsenic ions so that the value of Rp (projected range) is close to the interface region. 
Prior to annealing a high density of interstitial point defects were present and the electron 
diffraction studies indicated the lattice was highly strained. After annealing the material 
becomes single crystal but still has dislocation loops of varying sizes. The large energy
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photoluminescence emission peak corresponds to a larger bandgap material within the 
surface region of the GaAs and is attributed to an AlxGa,.xAs layer of varying x. The 
SIMS profiles before annealing show a high aluminium concentration at the surface in 
agreement with the theoretical TRIM curves. Samples B and C have the highest surface 
concentration which may indicate the importance of implantation dose and energy.
6.3 Future work
The successful synthesis of AlGAs layers by ion implantation using two methods 
(a) dual implant, and (b) ion beam mixing have been demonstrated. The new structure 
synthesised has potential use in many semiconductor devices and therefore work on this 
method is valuable. RBS results showed that the arsenic implant is causing most of the 
damage, hence a hot implantation method was employed to reduce this. On the basis of 
the results of this work and the published work, it would be useful for further studies to 
be made into the following topics to enhance our understanding of ion beam synthesis of 
AlGaAs.
(1) More work on ion beam synthesis of AlGaAs layers by implantation at elevated 
temperature (using the hot stage) and more work on the method of diffusion enhanced 
synthesis is needed to further improve the crystalline quality.
(2) Further study of the optical quality using photoluminescence and more accurate 
quantification methods for SIMS data would be valuable.
(3) The ion beam synthesis of other technologically important materials like, GalnAs, 
GaAs!_xPx should also be attempted.
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(4) The fabrication of simple test devices, for example waveguides in the first instance 
should be attempted to demonstrate the application of these methods.
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L IS T  O F  F R E Q U E N T L Y  U SED  A C R O N Y M S
LPE Liquid Phase Epitaxy
MBE Molecular Beam Epitaxy
MESFET Metal Semiconductor Field Effect Transisitor
SIMOX Separation by Ion Implantation of Oxygen
MOCVPD Metal Organic Chemical Vapour Phase Deposition
RBS Rutherford Backscattering
PL Photoluminescence
TEM Transmission Electron Microscopy
AES Auger Electron Spectroscopy
RTA Rapid Thermal Annealing
SIMS Secondary Ion Mass Spectroscopy
SEM Scanning Electron Microscopy
EMA Electron Microprobe Analysis
WDS Wavelength Dispersive Analysis
EDS Energy Dispersive System
TRIM Transport of Ions in Matter
SUSPRE Surrey University Sputter Profile Resolution From Energy Deposition
PRAL Projected Range Algorithm
SADP Selective Area Diffraction Pattern
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